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Sigo, Kyle L. M.S., Purdue University, May 2012. Towards the Development of 
Cost Metrics for Inadequate Interoperability. Major Professor: Nathan Hartman. 
This study was conducted in order to validate a set of interoperability cost metrics 
that were designed and developed to assess the impacts of inadequate 
interoperability with regard to the exchange of CAD data in product development 
organizations in the aerospace and automotive industries. A set of surveys, 
designed to target the specific cost factors of the various components of 
inadequate interoperability, were developed and sent to individuals in the 
aerospace and automotive sectors. The survey responses shed light on the 
magnitude of the costs that product development organizations in the aerospace 
and automotive industries incur in pursuit of interoperability and as a result of 
inadequate interoperability with regard to data exchange.  The study concludes 
with an analysis of the inadequate interoperability costs incurred in the 
aerospace and automotive industries.  This research is not intended to identify 
the solution to inadequate interoperability, but instead to provide the tools to 
assess and quantify the impacts in order to build awareness of the problem and, 





CHAPTER 1. INTRODUCTION 
This chapter provides an overview of this research study and Master’s 
thesis. This chapter defines the interoperability problem in industry, establishes 
the significance of the problem, and specifies the purpose and scope of this 
research.  Additionally, this chapter defines the key terms, assumptions, 
limitations, and delimitations inherent to this research. 
 
1.1 Background 
A substantial body of literature now exists relative to the presence and 
impact of the costs of inadequate interoperability that result from data exchange 
in industry.  Szykman, Fenves, Keirouz, and Shooter (2001) claimed that the “US 
industry spends billions of dollars as a result of poor interoperability between 
computer-aided engineering software tools” (p. 547).  Many researchers have 
conducted analyses of the sources and impacts of the costs of inadequate 
interoperability.  Some investigations have led to classification techniques for 
various inadequate interoperability costs.  Brunnermeier and Martin (2002), 
among others, have defined three separate varieties of inadequate 




While the research conducted at the Research Triangle Institute (1999) by 
Brunnermeier and Martin has provided an in-depth look at the costs of 
inadequate interoperability encountered by a specific industry (i.e., the US 
automotive industry), they point out that “shipbuilding, aerospace, farm 
machinery, and construction equipment are a few of the industries that also incur 
costs resulting from imperfect interoperability” (6-1). Meanwhile, in a similar 
analysis of the capital facilities industry, Gallaher, O’Connor, Dettbarn, and 
Gilday (2004) highlight a “lack of quantitative measures of the annual cost burden 
imposed by inadequate interoperability” (p. 3).  
The general subject matter of this research, inadequate interoperability 
and its costs, impacts nearly all conceivable areas of industry.  Any circumstance 
in which product data is exchanged represents an opportunity for the occurrence 
of inadequate interoperability and the costs associated with it, regardless of 
whether the product is a tangible object or a service.  The breadth of inadequate 
interoperability and its costs relative to data exchange was too broad a topic to 
be dealt with in this particular research.  This thesis will attempt to assess and 
define the implications of inadequate interoperability in computer-aided design 
(CAD) data exchanges in the aerospace and automotive sectors.  A set of 
metrics will be developed and tested using data from organizations operating 
within the aerospace and automotive industries in order to estimate the 
magnitude of the interoperability problem in those particular sectors.  Ideally, this 
metric would be similarly useful to organizations grappling with the cost of 




The significance of this research is demonstrated most readily by the 
magnitude of the inadequate interoperability cost topic.  The effects of imperfect 
interoperability and its costs to data exchange are felt in nearly every company in 
every corner of industry.  The amount of these imperfect interoperability costs 
varies greatly from one organization to the next, but individuals conducting 
similar research in specific industry sectors project annual cost estimates in the 
millions or billions of dollars (Brunnermeier & Martin, 2002).  As such, any 
organization that develops a product, whether it is a service or a tangible good, 
stands to gain from the knowledge generated as a result of this research. 
With regard to the realm of Product Lifecycle Management (PLM) and the 
processes and activities that populate it, this investigation into the impacts of the 
costs of inadequate interoperability has several implications.  From the use of 
CAD tools during the design phase, through the use of finite element analysis 
(FEA) and computer-aided manufacturing (CAM) software for the analysis of 
product models and manufacturing planning, to the generation of work 
instructions for manufacturing, assembly, and after-market maintenance and 
repair operations, the CAD model that is generated at the beginning of the 
product lifecycle serves a wide variety of functions.  Particularly in the case of a 
model-based enterprise, where the CAD model serves as the central repository 
for all of the product definition data required to drive these various functions, the 






1.2 Statement of Purpose 
The primary goal of the proposed research is to develop an effective set of 
metrics for quantifying the costs of inadequate interoperability that an 
organization incurs as a result of CAD data exchange.  The purpose of this effort 
is to provide the foundation of an inadequate interoperability cost assessment 
framework, including the methodology for implementation, which can be utilized 
by any company in any field of the manufacturing industry.  Some details of the 
framework will be specific to each field (e.g., aerospace, automotive, and 
construction), but the metric for calculating the total cost of imperfect 
interoperability should remain largely the same. 
The cost metric will be developed as a Microsoft Excel spreadsheet, 
containing distinct sections for instructional documentation, data collection, and 
the review of results.  In this way, a simple, self-evaluation tool will be provided to 
organizations in industry.  Instructional documentation will guide users through 
the assessment process and the results sheet will allow for a clear review of the 
costs incurred as a result of distinct cost categories, components, and factors.  
As such, the real value of the cost metric is its ability to provide industry with a 
simple method of conducting self-assessments, whether for the identification of 
opportunities to reduce costs or for the rationale to work towards solutions, such 
as data standards. 
Additionally, this research will validate the proposed cost metrics using 
inadequate interoperability cost data from organizations in the US aerospace and 




organizational supply chain will supply the data necessary to provide a total 
organizational cost estimate of inadequate interoperability, similar to that 
provided by Brunnermeier and Martin’s analyses of the US automotive industry. 
An important aspect of this research is the recognition of the fact that no 
form of interoperability is free.  While the costs associated with inadequate 
interoperability may be striking, it is important to realize that successful 
interoperability exhibits costs as well.  The cost associated with obtaining, 
implementing, and maintaining a set of tools and processes that ensures 
successful exchanges of data may prove to outweigh the expenses incurred 
when working with tools and processes that result in unsuccessful data 
exchanges.  As such, it is crucial that product development organizations assess 
the costs associated with interoperability, both inadequate and successful, such 
that they may make informed decisions regarding the tools and processes they 
choose.  This research will provide the tools, in the form of a cost assessment 
framework, necessary to assess the costs of inadequate interoperability. 
   
1.3  Research Question 
How should a cost assessment framework be structured such that it accurately 
quantifies the costs that an organization incurs as a result of inadequate 







1.4 Definitions of Key Terms 
avoidance costs – those costs that are incurred to prevent interoperability 
problems from occurring (National Institute of Standards and Technology, 
2004, p. 3-4). 
cost risks - those costs that may or may not be incurred as a result of 
downstream impacts of inadequate interoperability and direct or indirect 
interoperability costs (National Institute of Standards and Technology, 
2011, p. 85). 
delay costs - the consequences of interoperability problems on schedule and 
delivery (National Institute of Standards and Technology, 2004, p. 3-4). 
interoperability - interoperability is the state of a system wherein the cost of 
attaining and maintaining correct encoding and decoding of the 
information exchanged between component pairs is minimized, and 
minimum cost is attained only when each component pair conforms to a 
correctly defined standard language, correctly and widely implemented 
(National Institute of Standards and Technology, 2011, p. 83). 
mitigation costs – those costs that are incurred to correct problems once they 
have occurred (National Institute of Standards and Technology, 2004, p. 
3-4). 
operational interoperability – the ability of systems, units, or forces to provide 
services to and accept services from other systems, units, or forces and to 
use the services so exchanged to enable them to operate effectively 




access services from other systems, units, or forces, and use the services 
to operate effectively together (Software Engineering Institute, 2001, p. 3). 
technical interoperability – the condition achieved among communications-   
electronics systems or items of communications-electronics equipment 
when information or services can be exchanged directly and satisfactorily 




The following assumptions were inherent to the pursuit of this study: 
1. There is a need to develop a cost metric to estimate the costs of inadequate 
interoperability incurred by organizations as a result of CAD data exchange. 
2. Participants are able to legally provide accurate cost data during the interview 
process concerning the inadequate interoperability costs that occur in their 
domain. 
3. Participants are free to concede that they were unable to answer a question 
due to lack of knowledge or access to pertinent data. 
4. The cost data collected is sufficient to develop an accurate estimation of the 
total organizational cost of inadequate interoperability. 
5. The inadequate interoperability cost estimation framework proposed is 
developed appropriately in order to provide an accurate estimation of the total 
organizational cost of inadequate interoperability. 




7. The research methods utilized by this study are suitable to answer the 
research question that was posed. 
8. The costs and cost risks of imperfect interoperability can be quantified in 
order to develop an accurate estimate of the total organizational cost of 
inadequate interoperability. 
9. The study assumes a sample environment and sample data exhibiting the 
characteristics of a model-based enterprise approach to product development. 
 
1.6 Limitations 
The following limitations were inherent to the pursuit of this study: 
1. This study is limited by the amount of cooperation of subjects to provide 
inadequate interoperability cost data for estimation. 
2. This study is limited by the availability of individuals to participate in the 
interview process. 
3. This study is limited by the legal ability of individuals to provide inadequate 
interoperability cost data for estimation.  
 
1.7 Delimitations 
The following delimitations were inherent to the pursuit of this study: 
1. This study will not collect or analyze data from industry sectors other than 
aerospace and automotive. 





3. This study will not attempt to collect or analyze interoperability cost data other 
than that which relates to avoidance and mitigation costs. 
4. This study will not attempt to validate any interoperability cost estimation 
methodology other than that which is proposed by the author. 
5. This study is limited to the participation of individuals employed in the 
aerospace and automotive industries during the spring of 2012. 
 
1.8 Chapter Summary 
This chapter has provided an overview of this research study and Master’s 
thesis. This chapter has defined the interoperability problem in industry, 
established the significance of the problem, and specified the purpose and scope 
of this research.  Additionally, this chapter has defined the key terms, 





CHAPTER 2. REVIEW OF RELEVANT LITERATURE 
 
Since the introduction of computer software for digital product 
development, users have struggled with information compatibility issues.  These 
interoperability problems resulted from a variety of factors.  Although some 
individuals and entities have attempted to remedy this interoperability deficit, no 
ubiquitous solution currently exists.  As such, users of digital product 
development software continue to struggle with interoperability issues. 
This chapter serves as a review of the research surrounding the 
interoperability struggle.  Topics discussed include the definition of 
interoperability, origins and sources of inadequate interoperability, the costs, cost 
categories, and impacts of interoperability problems, methods for measuring 
imperfect interoperability and its costs, and proposed solutions to the issue.  The 
chapter will conclude with discussion of the current state of the interoperability 
struggle and a summary of the information contained within. 
 
2.1 Defining Interoperability 
In order to effectively address interoperability, the term must be defined to 




conducting research in this area have tried their hand at effectively defining the 
concept of interoperability. 
Hartman, Horst, and Wong (2010) define interoperability as “the 
successful performance of tasks by agents requiring the exchange of information” 
(p.1).  Further, they specify, “interoperability exists when a pair of agents can 
correctly encode and decode information exchanged between the two” (p.2). 
Horst, in a separate report for the National Institute of Standards and 
Technology (2011), further specifies, “interoperability is the state of a system 
wherein the cost of attaining and maintaining correct encoding and decoding of 
the information exchanged between component pairs is minimized” (p.3).  This 
definition, in particular, lends support to the development of effective inadequate 
interoperability cost metrics, in an effort to assist cost reduction activities. 
In a report for the Software Engineering Institute (2001), Kasunic defines 
interoperability in two ways: operational and technical interoperability.   
Operational interoperability is defined as “the ability of systems, units, or 
forces to provide services to and accept services from other systems, units, or 
forces and to use the services so exchanged to enable them to operate 
effectively together” or “the ability of systems, units, or forces to provide services 
to or access services from other systems, units, or forces, and use the services 
to operate effectively together” (Software Engineering Institute, 2001, p. 3).   
Technical interoperability is defined as “the condition achieved among 
communications-electronics systems or items of communications-electronics 




satisfactorily between them and/or their users” (Software Engineering Institute, 
2001, p. 3). Similarly, Kasunic states that “interoperability is the ability of systems 
to provide dynamic interactive information and data exchange” (Software 
Engineering Institute, 2001, p. 3). 
In addition to having a basic definition of interoperability, it is important to 
understand the scope and requirements for interoperability in a given scenario.  
This means understanding the necessary interoperability capabilities, the entities 
that are involved and their individual roles, the standards that apply, the order of 
events that must occur, the means by which interoperability will be assessed, 
and the means by which all this information should be communicated within the 
interoperability domain (The Data & Analysis Center for Software, 2010). 
With regards to product development, the basic meaning of interoperability 
is the ability of entities to exchange and use product data effectively to drive 
product development processes. 
 
2.2 Origins of Inadequate Interoperability 
It should come as no surprise that the introduction of digital product 
development tools had a profound impact on industry.  Even an individual 
uneducated as to the specific processes involved in product development can 
imagine the benefits to efficiency, communication, collaboration, and the time- 
and cost-savings provided by electronic systems for product development.  What 
few individuals foresaw was the change that this same digital design environment 




In decades and centuries past, product development was conducted by 
tight-knit, co-located teams within an organization.  With advances in information 
and communication technology, these teams are now increasingly geographically 
distributed, with some companies adopting “follow-the-sun” approaches to 
product design and development.  As a result, design teams rely heavily on the 
capability of computer-aided engineering (CAE) tools to communicate product 
development information with one another (Szykman, Fenves, Keirouz, & 
Shooter, 2001).  This need for product data exchange constitutes the basic 
interoperability need. 
The genesis of the struggle for acceptable interoperability can be traced to 
the multitude of CAD tools available on the market.  At present, there are at least 
six tools (Dassault Systemes CATIA, PTC Pro/Engineer, Siemens NX, Dassault 
Systemes Solidworks, Autodesk Inventor, and Siemens Solid Edge) that 
represent the bulk of the CAD software in use in industry.  In addition to these 
industry leaders, a number of other offerings exist in the market.  This abundance 
of CAD solutions represents a blessing and a curse.  Product developers have 
the ability to choose the software that best meets their needs and to develop 
close relationships with providers to affect important changes to the software.  
However, each of these software solutions utilizes its own format for data storage 
and exchange.  While most allow varying access to the kernels of their 
applications, none are truly open-source (Tyrka, 2000).  Just as the variety of 
languages on our planet often creates difficulty for the communication of ideas, 




communication and exchange of product data between product development 
entities.     
 
2.3 Sources of Inadequate Interoperability Costs 
The sources of inadequate interoperability costs include a startling variety 
of factors.  In a report for the National Institute of Standards and Technology 
(2004), Gallaher, O’Connor, Dettbarn, and Gilday identified the following as key 
sources of imperfect interoperability costs in the capital facilities industry: 
• Insufficient connectivity between legacy and current systems 
• Bandwidth, training, and software maintenance labor charges 
• Poor communication between task-specific systems 
• Salaries of professionals struggling with interoperability 
• Standards development and systems integration tools 
• Management of project paper trail 
• Manual data re-entry 
• Late penalties, time delays, idle resources 
In a similar study of the need for interoperability in the health care industry, 
Walker, Pan, Johnston, Adler-Milstein, Bates, and Middleton (2005) indicated 
more direct sources of inadequate interoperability costs: 
• Initial license, hardware, implementation, and training acquisition 
costs 
• Annual maintenance costs 




In a report published by the Research Triangle Institute (1999), 
Brunnermeier and Martin cited still more sources of imperfect interoperability 
costs: 
• Post-manufacturing costs 
• Small suppliers costs 
• In-house investments in interoperability solutions 
• Costs to consumers resulting from delays 
• Loss of market share resulting from delays 
Vergeest and Horvath (2001) take a more specific look at the sources of 
imperfect interoperability costs.  Their research highlights four sources of 
inadequate interoperability issues and costs that occur during data exchange or 
translation: 
• Differing formats 
• Differing representations 
• Differing behavior 
• Incompatible content 
This is by no means an exhaustive list of the sources of inadequate 
interoperability costs.  It does, however, provide a broad look at the sort of 
interoperability issues that plague product development.  Part of the goal of this 
research is to develop such a comprehensive list in order to drive the 






2.4 Inadequate Interoperability Cost Categories 
As part of the effort to address inadequate interoperability issues, some 
individuals conducting research into the topic have begun categorizing the types 
of inadequate interoperability costs. While the categories that have been 
proposed differ in title, they often overlap in terms of the individual cost items 
they contain.  
Brunnermeier and Martin (2002) identify three categories of imperfect 
interoperability costs: avoidance costs, mitigating costs, and delay costs.  
According to a cost analysis of the US automotive supply chain for the Research 
Triangle Institute (1999) developers “incur avoidance costs to prevent technical 
interoperability problems before they occur.  Mitigating costs consist of the 
resources required to address interoperability problems after they have occurred.  
Delay costs arise from interoperability problems that delay the introduction of a 
new vehicle” (ES-4). 
Hartman, Horst, and Wong (2010) also identify three categories of 
inadequate interoperability costs: direct costs, indirect costs, and cost risks.  
Direct costs of inadequate interoperability include expenses such as software 
license fees for data translation and validation software and the labor costs 
incurred during the use of these tools.  Indirect costs include items such as a 
reduced perception of product quality by consumers and the loss of contracts.  
Cost risks include potential expenditures, such as an increase in the market price 





As part of this inadequate interoperability cost metric framework and 
research, the author proposes a hybrid set of inadequate interoperability cost 
categories, based on a combination of the two groups of cost categories 
proposed by Brunnermeier and Martin (2002) and Hartman, Horst, and Wong 
(2010). 
The costs of inadequate interoperability can be organized into three 
categories: avoidance costs, mitigation costs, and cost risks.  In order to develop 
this set of cost categories, the author conducted a comparison of the cost 
category groups proposed by Brunnermeier and Martin (2002) and Hartman, 
Horst, and Wong (2010).  This comparison yielded several realizations that led to 
the selection of cost categories proposed by the author. 
First, nearly all of the cost items categorized by Hartman, Horst, and 
Wong (2010) as direct costs, which are related to translation and validation 
processes and the resources that support them, such as software license fees 
and labor, would be classified as avoidance costs by Brunnermeier and Martin 
(2002).  As such, the author contends that the direct cost category accounts for 
the direct cost items and offers the benefit of a more readily understandable 
category title. 
Second, nearly all of the cost items categorized by Hartman, Horst, and 
Wong (2010) as indirect costs, which are related to the consequences of 
translation and validation errors, such as manual data re-entry and the 
maintenance of data and proprietary formats, would be classified as mitigating 




mitigation cost category accounts for the indirect cost items and offers the benefit 
of a more readily understandable category title. 
In addition to the use of these previously proposed cost categories, this 
research proposes that cost risks are equally important to measure and include 
among inadequate interoperability costs.  Cost risks are those costs that may or 
may not be incurred as a result downstream impacts of inadequate 
interoperability.  For example, cost risks would include the possibility of in-
warranty repair or service as a result of reduced product quality from poor data 
translation or exchange.  Esterman and Ishii (2005) contend that current product 
development practices and assessments fail to provide for quantitative analysis 
and identification of risk.   
Cost risks represent a unique challenge, in that the methods for 
quantifying and measuring risks differ from the methods for measuring costs.  
Kelman (2003) provides a summary of several definitions of risk from a variety of 
sources.  Helm (1996) proposes that risk is a combination of probability and 
consequence.  Similarly, Smith (1996) suggests that risk is a combination of 
probability and loss.  The United Nations Department of Humanitarian Affairs 
(1992), meanwhile, describes risk as a combination of hazard, or consequence, 
and vulnerability, or probability.  Kaplan and Garrick (1981) propose that, along 
with the identification of the scenario, probability and consequence are the 
primary factors in the calculation of risk.  Stenchion (1997) provides a simple 
equation, supported more recently by Ragheb (2011), to summarize the product 




Defence R&D Programme (2002), Sayers, Gouldby, Simm, Meadowcraft, and 
Hall also favor for the use of this simple equation for the determination of risk.   
Based on this review of literature, the primary delineating factor between 
the quantification of typical costs and the quantification of cost risks is probability.  
Cost risk can be quantified by multiplying the consequence, or cost, of an event 
by the probability, or likelihood, that it will occur.   
Another common theme in the discussion of risk is the idea that probability and 
risk are subjective.  Helm (1996) states “observed risk depends on and is 
affected by the risk observer” (p. 7).  Similarly, Kaplan and Garrack (1981) 
suggest, “Risk is relative to the observer.  It is a subjective thing—it depends 
upon who is looking” (p.12).  As such, the determination of probability should be 
handled either statistically, derived from data relative to the occurrence of similar 
events in the past, or via expert opinion.     
 
2.5 Impacts of Inadequate Interoperability 
Although sources and costs of inadequate interoperability are generally 
specific items, the overall impact of interoperability struggles may be much 
broader. 
Expenses related to inadequate interoperability, as with the costs of most 
components of product development, may trickle down to the consumer, resulting 
in higher prices for products.  Additionally, the same data exchange struggles 




eventually, reduced product quality.  This represents further costs to the 
consumer. 
Meanwhile, the organization also stands to lose as a result of reduced 
product quality.  Poor product quality often leads to in-warranty service and repair, 
a cost that the company absorbs.  In addition, the organizations that suffer from 
poor interoperability in product data and products may also experience 
decreased customer confidence and loss of market share.  In these ways, 
industrial employment and wages may also be impacted by interoperability 
issues (Research Triangle Institute, 2002). 
When defining the impacts of inadequate interoperability it is important to 
understand how small, individual issues and costs can compound to result in 
much larger scale economic impacts. 
 
2.6 Current Interoperability Solutions 
The solutions employed to combat inadequate interoperability costs in 
product data exchange and development is as varied as the individual sources of 
imperfect interoperability costs.  Brunnermeier and Martin (2002) highlight the 
three most common approaches to dealing with inadequate interoperability costs 
in their analysis of the US automotive supply chain, where they estimate 
inadequate interoperability costs at $1 billion per year: 
• Single system standardization 
• Point-to-point translation 




Similarly, Hartman, Horst, and Wong (2010) identify three methods of 
attaining interoperability: 
• Single-vendor dominance or mandate 
• Point-to-point translation 
• Standard interface language development and mandate 
The single-vendor mandate is a relatively common approach to dealing 
with interoperability during product development.  An oft-mentioned example of 
this solution is Boeing’s adoption of Dassault Systemes CATIA as the sole CAD 
system used during the development of the Boeing 777.  The large number of 
computers dedicated to development, the high volume of data and data 
exchanges that occurred during product development, and the geographically 
distributed nature of the project meant that the expense of implementing CATIA 
throughout the supply chain was offset by the benefits it provided in terms of 
error and rework avoidance (Snyder, Snyder, & Sankar, 1998). 
Although the decision to mandate a single-vendor for a product 
development project can certainly help to ensure that the data exchanged is 
accessible by all those involved, it can lead to other complications.  Hartman, 
Horst, and Wong (2010) argue that this solution “passes interoperability costs to 
suppliers and vendors, risks sudden interoperability failure upon corporate 
mergers, risks data quality losses, stifles agility, stifles best-in-class technology 
choices, increases component/system costs due to lack of healthy vendor 




The point-to-point translation approach refers to the use of a conversion 
program to translate data from one format to another in order to exchange data 
between systems (Brunnermeier & Martin, 2002). Brunnermeier and Martin (2002) 
state, “For some well-defined data translation tasks, these translators work fairly 
well” (p.79).  However, they also point out that this means of ensuring 
interoperability has several drawbacks, including “the need for a pair of 
translators for every combination of systems that require translation; the need to 
update each translator when either of the two systems’ software is updated; and 
the lack of availability of translators for all software and all tasks” (p.79). 
While these options represent the bulk of the interoperability solutions in 
place today, others have taken up the call for data standardization.  Szykman et 
al. (2001) propose a standardized “representation for product development 
information on which future systems can be built”. (p. 545).  Similarly, Walker et 
al. (2005) proposes the adoption of fully standardized information exchange and 
interoperability in order to eliminate billions of dollars in costs to the health care 
industry. 
Vergeest and Horvath (2001) propose a more fundamental approach to 
dealing with inadequate interoperability costs.  The authors seek “to promote 
awareness about this issue among researchers and infrastructure designers,” as 
they argue that “being aware of the fundamental constraints of interoperability, 
compromise solutions may be initially developed, rather than to implement ad 
hoc work-around procedures” (p. 1).  Far from being at odds with other theories 




whole needs to take a step back and assess the interoperability situation as a 
whole, rather than frantically attempting to plug leaks one at a time. 
Though the solutions highlighted provide a variety of methods for handling 
interoperability demands, all exhibit inherent drawbacks in the form of inadequate 
interoperability costs due to implementation or simply due to the nature of the 
solution.  Without a comprehensive set of metrics for measuring the cost of 
inadequate interoperability and the costs related to potential solutions, product 
development organizations have no means by which to compare their options.  It 
is the opinion of the author that in order to develop an effective solution to the 
problem, one must first fully understand its implications.  As such, this thesis 
research, and the cost assessment framework it proposes, represents a crucial 
step in the process of eliminating inadequate interoperability costs. 
 
2.7 The Current State of Interoperability 
At present, interoperability in product development organizations is 
represented by a myriad of solutions, including data language mandates that 
require all entities in the supply chain to commit to a particular medium and 
format for data exchange, conformance to established standards, bespoke data 
exchange solutions composed of a variety of customized elements, and 
combinations of all the above.  As a result, the total inadequate interoperability 
cost incurred by each organization varies dramatically.  However, it is clear that 
none of the solutions currently employed in industry has drastically reduced the 




2.8 Measuring Interoperability 
In order to properly address interoperability issues, a systematic, analytic 
approach must be employed.  The key to implementing solutions and accurately 
validating results lies in the application of a comprehensive set of metrics such 
that an organization can benchmark progress as it attempts to remedy 
interoperability problems (Nasr, 2009).  
In reports prepared for the National Institute of Standards and Technology 
(2000, 2001), Chapman stresses the importance of a “baseline analysis.”  
Goldense (1994) expresses a similar need for performance baselining, stating 
that “the baseline is a set of metrics, measures, and statistics that define the 
current performance of the product development function and capabilities” (p. 21).  
This baseline, then, represents a starting point by which all interoperability 
solution implementations may be compared for validation. 
However, Chapman notes that this “baseline analysis is used to denote a 
complete analysis in all respects but one; it does not address the effects of 
uncertainty” (National Institute of Standards and Technology, 2000, 2001, p. 5).  
This represents an important opportunity for this research to contribute to the 
interoperability topic.  Esterman and Ishii (2005) state that “the most common 
treatments of project risk involve three steps: (1) identify risks, (2) analyze risks, 
and (3) develop actions to eliminate or minimize risks” (p. 86).  This research will 






2.9 Chapter Summary 
This chapter has functioned as an overview of the existing literature 
related to interoperability, metrics, and risk.  It summarized the history and 
current state of interoperability in industry and product development, as well as 
the origins and sources of the costs associated with inadequate interoperability.  
It also discussed the concept of metrics for the measurement, analysis, and 
assessment of inadequate interoperability to drive the development of solutions 
to interoperability problems in industry.  Additionally, it identified the concept of 
risk as an additional source of imperfect interoperability costs to organizations.  
As such, the potential for risk measurement was also reviewed. 
This review of literature has provided support, in the form of justification 
and information, for the development of inadequate interoperability cost metrics 
in an effort to effectively quantify the costs incurred by organizations as a result 





CHAPTER 3. FRAMEWORK AND METHODOLOGY 
 
This chapter will detail the research framework, data collection, and 
analysis methodology utilized in this thesis. 
 
3.1 Research Framework 
This thesis presents a hybrid quantitative-qualitative study of the methods 
for quantifying and measuring the inadequate interoperability costs of CAD data 
exchange in aerospace and automotive organizations.  As such, the research 
presents a case study of the imperfect interoperability costs incurred by specific 
organizations, with the goal of the study being the validation of the employed cost 
metrics and methodology for inadequate interoperability cost estimation.  More 
specifically, this research represents what Creswell (1998) defines as an 
instrumental case study.  As such, the primary focus of this research is the issue 
of inadequate interoperability, with the data collection and analysis of a particular 
case, in the form of the aerospace and automotive industries, presented in order 
to illustrate the inadequate interoperability issue. 
As advised by Creswell (1998), this case study is structured according to 
the guidelines laid out by Lincoln and Guda (1985), such that it details “the 




item is handled in the first and second chapters of this thesis.  The second and 
third items will be reported in the next chapter.  The lessons learned as a result 
of this research effort will be described, after the presentation of data and 
subsequent analysis, in the final chapter of this document. 
Following the example set by Creswell (1998), this study details the 
analysis of a “bounded system”, which is limited by the amount of time allotted 
and the place selected for data collection.  This research presents what Creswell 
(1998) refers to as a within-site study and analysis, where the data collected and 
analyzed is retrieved from individual organizations in the aerospace and 
automotive industries.  
 
3.2 Data Collection 
This research will utilize a typical case sample of the aerospace and 
automotive industries and supply chains.  Miles and Huberman (1994) define a 
typical case sample as a type of sampling which “highlights what is normal or 
average” (p.28).  Similarly, Bamberger, Rugh, and Mabry (2006) characterize a 
typical case sample by the selection of individuals whose behavior is likely to be 
representative of their peers.  As an example of cases that are typical or 
representative of the implications of inadequate interoperability in the aerospace 
and automotive industries, this type of sample should afford the author the ability 
to generalize the results of the application of the proposed inadequate 
interoperability cost metrics framework to other organizations in the population 




The primary source of data collected for analysis will be surveys of 
participants from specific organizations in the aerospace and automotive 
industries.  The participants will represent a variety of roles and positions in the 
corporate ladder, ranging from the data and system engineers on the “front line”, 
to middle and upper management, and the executive level. 
As suggested by Creswell (1998), a “gatekeeper” is crucial to the 
collection of useful cost data for analysis.  First, the gatekeeper can provide 
access to organizational inadequate interoperability cost data. Second, the 
gatekeeper can identify potential participants for the study, such as data 
engineers, systems engineers, middle- and upper-management, and fellow 
executives.  Finally, the gatekeeper can partake in the data collection phase of 
the study as a participant, as this gatekeeper will likely take the form of an 
executive at the aerospace and automotive organizations under investigation 
(Creswell, 1998).  
 As recommended by Creswell (1998), data will be collected from primary 
sources in the form of participant surveys. 
Data will also be collected from primary sources in other forms, including 
the following: 
• Participant Observations 
• Electronic Reports 
• Electronic Documents 




Participants will be asked to complete a written survey.  This written 
survey will be based on a pre-developed protocol, such that it collects the data as 
necessary for the researcher to validate the cost metric.  Further, the survey 
questions will be developed in accordance with survey design guidelines that call 
for a variety of characteristics in survey questions.  Edwards, Thomas, Rosenfeld, 
and Booth-Kewley (1997) suggest that survey questions should be short, simple, 
and specific, addressing only one topic per question and carefully targeting the 
information the researcher wishes to discover. 
In order to complete the survey process, the researcher will follow the 
procedure set forth by Brunnermeier & Martin in a report for the Research 
Triangle Institute (1999): 
• Identify the participants 
• Contact the participants, describe the study, and request his/her 
participation 
• Provide the participants with the survey links 
• Collect the written survey responses 
• Follow up with the participants to clarify written responses 
Some data utilized in this thesis will be collected from secondary sources 
in or relative to the aerospace and automotive industries, such as wage rate 
estimates from the Bureau of Labor Statistics (BLS) or CAD licensing and 
training costs from CAD vendors. 
Inadequate interoperability cost quantification and measurement will be 




analysis of interoperability costs in the U.S. automotive supply chain for the 
Research Triangle Institute (1999).  The surveys will be utilized to collect cost 
data for individual components of inadequate interoperability cost that are 
identified in this study.  The total inadequate interoperability cost for the 
organization will then be calculated using the developed cost metrics and the 
cost components collected in this approach.  This approach alleviates 
participants of the burden of providing all the information necessary to generate 
an overall cost estimate by asking only for portions of the total inadequate 
interoperability cost estimate.  
For the testing and validation of the proposed inadequate interoperability 
cost metric framework, the data collection phase will be targeted such that it 
collects cost data in the form of the average costs of inadequate interoperability 
due to the various factors that are identified.  However, cost data related to 
individual and/or specific instances of inadequate interoperability in the exchange 
of CAD data, such as minimum costs, maximum costs, and cost ranges, will also 
be collected in order to provide a more extensive data collection for analysis, if 
necessary. 
  
3.3 Data Analysis 
According to Creswell (1998), case study research calls for several forms 
of data analysis.  First, through a process called categorical aggregation, “the 
researcher seeks a collection of instances from the data, hoping that issue-




appearance of patterns in the data in order to form naturalistic generalizations, 
such that “people can learn from the case either for themselves or for applying it 
to a population of cases” (p.154).  Additionally, Creswell advocates a detailed 
description of the case and all of its aspects. 
In addition to these traditional forms of case study analysis, the researcher 
will conduct a form of data utilized by Brunnermeier and Martin in their analysis of 
interoperability costs in the U.S. automotive supply chain for the Research 
Triangle Institute (1999).  In this form of data analysis, the author will utilize the 
proposed cost metrics and methodology to generate an inadequate 
interoperability cost estimate based on the components of inadequate 
interoperability costs provided by interviewees. 
One aspect critical to the validity of this research is that the scope of the 
inadequate interoperability data collected must encompass all the factors and 
cost of inadequate interoperability.  The inadequate interoperability cost metric 
employed must be comprehensive in its assessment of inadequate 
interoperability factors and their costs. 
 
3.3.1 Analysis Tool 
The analysis tool developed for this research effort will be comprised of 
three primary sections: instructions, data collection, and results.  Instructions and 
data collection will be further divided into those intended to assess avoidance 




information will provide comprehensive guidance regarding the completion of the 
data collection category it is assigned to.   
Each data collection page will be divided into various sections that 
correspond to the inadequate interoperability cost factors identified through this 
research effort.  Each section will contain 2 – 4 questions designed to target the 
specific values that comprise the cost factor being assessed.  In order to develop 
a realistic, comprehensive estimate of the inadequate interoperability costs 
incurred by an organization, each of these questions should be answered as 
completely and accurately as possible. 
The results page will display the estimated values, based upon the data 
provided by the user, of the cost factors identified by this research.  The values of 
the cost factors will then be combined to provide the estimated costs of avoiding 
and mitigating inadequate interoperability.  Similarly, avoidance and mitigation 
cost estimates will be combined in order to provide an estimated total 
organizational cost of inadequate interoperability. 
The analysis tool will also contain a page dedicated to the calculations 
necessary to generate the cost estimates.  This page is not intended to be 
manipulated by the user. 
       
3.3.2 Analysis Tool Default Values 
The analysis tool will be designed to assess all of the factors of 
inadequate interoperability with regard to the exchange of CAD data.  However, 




the discount rates applied to the purchases of CAD licenses, and the hourly 
wage rates paid to employees, represent information that product development 
organizations are likely to consider sensitive and proprietary.  In anticipation of 
the possibility that survey participants will be unable to divulge certain values, 
such as those described, the analysis tool will provide default values that may be 
used in their place.  These default values will be based upon data from 
secondary sources, such as the U.S. Bureau of Labor Statistics and the U.S. 
General Services Administration.  In addition, where relevant, the researcher will 
assume that the employees that participants report as engaged in particular 
activities, do so on a full-time basis.  Where possible, users should utilize existing 
data from their organization in order to develop the most accurate cost estimate.  
Where necessary, for the research or the user, these values can be used as 
substitutes in lieu of data that is, for any reason, unavailable. 
     
3.4 Chapter Summary 
This chapter has described the research framework, data collection, and 
analysis methodology utilized in this thesis.  It has also provided details regarding 







CHAPTER 4. RESULTS 
Research efforts in the area of interoperability and its costs have led to 
multiple methods of cost categorization, as well as a study and analysis of the 
costs that organizations in the automotive industry encounter in pursuit of 
interoperability. However, no set of metrics has been developed and validated 
for the purpose of assessing the costs that product development organizations 
incur as a result of inadequate interoperability. As a result, the metrics 
developed as part of this thesis research had to be tested and validated through 
the collection and use of data from product development organizations that are 
currently operating in industry. This chapter will detail the preparations made for 
the survey process, the respondents who participated, and the results of the 




The surveys were conducted online over the course of an 8 week period 




completing as many of the survey questions as they were able, given their 
knowledge of the nature of data exchange at their respective organizations.  
Their responses to the surveys can be found in Appendices C - I. 
 
4.1.1 Survey Development & Approval 
The survey questions developed for the purposes of this research were 
developed through the joint effort of the author, their advisor, and two members 
of a national technological standards organization.  They were designed to 
address all of the factors of inadequate interoperability costs identified through a 
joint research effort over the period of approximately one year.  The survey 
questions were divided into two primary categories, the first with 4 sub-categories 
(Redundant CAD Systems, Data Translators, Research & Development, Process 
Management) and the second with 5 sub-categories (Manual Data Re-Entry, 
Design Verification, Design Re-Work, Information Request Management, 
Production Re-Work), for a total of 9 sub-categories.  The purpose of this division 
was to allow for more effective distribution of the surveys to those individuals 
most appropriately employed to answer the questions within each sub-category.  
The complete set of surveys and survey questions can be found in Appendix B. 
Upon completion of development, the surveys were submitted to the 
Institutional Review Board (IRB) with a request to conduct Category 2 exempt 
research under the qualification that the personal or organizational information of 
the participants and the organizations at which they are employed would not be 




granted approximately two weeks after submission, at which point the surveys 
were distributed to participants. 
 
4.1.2 Survey Participant Identification 
Participants were identified primarily by industrial and educational 
association.  Some participants were acquainted with the author’s advisor 
through the collaborative efforts of the university and industry.  Others were 




A total of seven participants, from six unique aerospace and automotive 
organizations, participated in the online surveys developed and conducted for 
this research.  As a result of the sensitivity of the data they were asked to share, 
they were assured that their personal and organizational information would not 
be shared or reported through this research effort. 
Participant 1 was a senior management-level expert in data 
interoperability at a large aerospace OEM that serves both commercial and 
defense clients. 
Participant 2 was a data interoperability expert working under the first 





Participant 3 was an expert in data interoperability at a large aerospace 
OEM that serves both commercial and defense clients. 
Participant 4 was an executive-level expert in product lifecycle 
management and data interoperability at a large automotive OEM that serves 
primarily commercial clients. 
Participant 5 was mechanical design engineer at a large aerospace OEM 
and Tier 1 supplier that serves both commercial and defense clients. 
Participant 6 was an engineering manager at a large aerospace OEM and 
Tier 1 supplier that serves both commercial and defense clients. 
Participant 7 was a CAD development and support analyst at a large 
aerospace OEM that serves both commercial and defense clients. 
The seven participants were all contacted via the same email request for 
participation.  This request acknowledged the sensitivity of particular cost factors 
that were addressed in the survey.  As such, participants were instructed to 
complete the surveys to the best of their ability.  In several cases, the 
participants' responses exceeded the expectations of the researcher.  
 
4.1.4 Survey Vehicle 
The survey was developed and conducted online using the Qualtrics 
survey system.  Qualtrics allows users to build, manage, and distribute multiple 
surveys, then display and review the responses collected.  The surveys do not 
collect personal or organizational information from the participant, in accordance 




provides the user with a designated link for each survey.  These links were 
distributed, along with descriptors for each survey link, to participants via email. 
 
4.1.5 Survey Data Collection 
Upon IRB approval and completion of the online surveys, the Qualtrics 
links were distributed to the participants that were identified via acquaintance.  
After approximately four weeks and repeated email reminders, the responses 
from the first and second participants were collected.  Additional potential 
participants were identified by the first respondent, and the survey links were 
distributed to those individuals.  Responses from a third participant, an employee 
of a different organization, followed approximately one week later.  After six 
weeks, the responses from the three participants were collected and data 
analysis for the purposes of this research began.  The surveys, however, were 
left active in order to collect further responses if they should occur.  Additional 
responses, from the remaining four participants, were collected in the last two 
weeks of the data collection window. 
 
4.1.6 Presentation of the Data 
In the pursuit of clarity, data will be grouped and presented by 
organization, wherever possible.  For example, the data presented for 
organization 1 is a combination of the data provided by participants 1 and 2, who 





4.1.6.1 Organization 1 
Organization 1 is a large aerospace OEM that serves both commercial 
and defense clients. 
 
4.1.6.1.1 Avoidance Costs 
The following is a discussion of the avoidance costs incurred by 
organization 1. 
 
4.1.6.1.1.1 Redundant CAD Systems 
  The costs associated with CAD system redundancy (i.e., maintaining 
more than one unique CAD system) include licensing costs, productivity costs, 
training costs, and IT support costs.  Organization 1 presented an opportunity for 
the researcher to analyze the costs incurred by an organization that maintains a 
large number of unique CAD systems for product development. 
 
4.1.6.1.1.1.1 Licensing Costs 
Participants reported that the organization maintains 7 unique CAD 
systems.  The number of licenses maintained for each system varied 
substantially, but participants reported 200 licenses for CATIA V4, 6,000 licenses 
for CATIA V5, 20 licenses for Solidworks, 4,000 licenses for AutoCAD, 20 
licenses for MasterCAM, 4,000 licenses for NX, and 200 licenses for ProE.  




discount rates for the purchase of licenses.  However, participants estimated that 
the cost per license of each CAD system may exceed $1,000.00. 
 
4.1.6.1.1.1.2 Productivity Costs 
Participants reported that between 30,000 and 40,000 employees perform 
CAD activities at the organization, resulting in approximately 24,960,000 to 
33,328,000 employee labor hours logged in CAD activities.  Participants 
estimated that unburdened wage rates for employees who perform CAD activities 
may range from $25.00 to $50.00 or more per hour, and that the organizational 
roles/titles of those employees would vary substantially depending on where they 
were employed in the organization. 
 
4.1.6.1.1.1.3 Training Costs 
Participants reported that approximately 300 employees must be trained 
to use CAD systems each year, and that each of those employees completes 80 
to 120 hours of CAD training.  Participants estimated that unburdened wage 
rates for employees who participate in CAD training may range from $25.00 to 
$50.00 or more per hour, and that the organizational roles/titles of those 
employees would vary substantially depending on where they were employed in 







4.1.6.1.1.1.4 IT Support Costs 
Participants reported that 8,500 employees perform IT support activities at 
the organization, resulting in more than 10,000,000 employee labor hours logged 
in IT support activities.  Participants estimated that unburdened wage rates for 
employees who perform IT support may range from $25.00 to $50.00 or more per 
hour, and that the organizational roles/titles of those employees are “Information 
Technology (IT)”.  Additionally, participants estimated the cost of materials used 
for IT support activities at $42,500,000.00. 
 
4.1.6.1.1.2 Data Translators 
The costs associated with data translators (i.e., the file format conversion 
software necessary to adapt digital product data designed in one CAD system for 
use in a different CAD system) include licensing costs, productivity costs, training 
costs, and outsourcing costs.  Organization 1 presented an opportunity for the 
researcher to analyze the costs incurred by an organization that maintains a 
large number of data translators for product development. 
 
4.1.6.1.1.2.1 Licensing Costs 
Participants reported that the organization maintains at least 12 data 
translators, with the number of licenses purchased for each translator ranging 
from 1 to 10.  Participants were unable to divulge license costs or discount rates 





4.1.6.1.1.2.2 Productivity Costs 
Participants reported that at least 36 employees perform data translation 
activities at the organization, resulting in more than 50,000 employee labor hours 
logged in data translation activities.  Participants estimated that unburdened 
wage rates for employees who perform data translation may range from $25.00 
to $50.00 or more per hour, and that the organizational roles/titles of those 
employees are “Information Technology (IT)”. 
 
4.1.6.1.1.2.3 Training Costs 
Participants reported that at least 24 employees must be trained to 
perform data translation activities at the organization, and that such training is in 
the form of “on the job” training, rather than dedicated classroom hours.  
Participants estimated that unburdened wage rates for employees who 
participate in data translation training may range from $25.00 to $50.00 or more 
per hour, and that the roles/titles of those employees are “Information 
Technology (IT)”.  Participants reported that data translation training fees are 
nonexistent. 
 
4.1.6.1.1.2.4 Outsourcing Costs 
Participants reported that, at any given time, the organization maintains at 
least 1 to 6 contracts for data translation outsourcing.  Participants estimated that 





4.1.6.1.1.3 Research & Development 
Participants reported that at least 4,000 employees perform research and 
development activities at the organization.  Participants were unable to report a 
specific number of employee labor hours logged in research and development 
activities.  However, participants estimated that unburdened wage rates for 
employees who perform research and development may range from $25.00 to 
$50.00 or more per hour, and that the roles/titles of those employees are 
“Information Technology (IT)”.  Participants were unable to report a specific a 
specific cost value regarding the materials used for research and development, 
but participant 2 estimated that this value may exceed $1,000.00. 
 
4.1.6.1.1.4 Process Management 
Participants were unable to report specific cost values for the factors of 
process management.  However, participant 2 estimated that more than 1,000 
employees may participate in process management activities, resulting in more 
than 1,000 labor hours logged in process management activities.  Participants 
were unable to provide an estimate regarding the hourly wage rate paid to those 
who perform process management.  Additionally, participant 2 reported that the 
roles/titles of those employees who perform process management activities are 
“Information Technology (IT)”, and estimated that the cost of materials used for 






4.1.6.1.2 Mitigation Costs 
The following is a discussion of the mitigation costs incurred by 
organization 1. 
 
4.1.6.1.2.1 Manual Data Re-Entry 
Participants were unable to report specific values for some of the factors 
of manual data re-entry.  However, participants reported that approximately 500 
employees perform manual data re-entry activities at the organization, resulting 
in more than 1,000 employee labor hours logged in manual data re-entry 
activities.  Participants reported that the unburdened hourly wage rate for those 
employees who perform manual data re-entry may range from $25.00 to $50.00 
or more per hour, and that the organizational roles/titles of those employees who 
perform manual data re-entry are “Information Technology (IT)”.  Additionally, 
participants estimated that the cost of materials used for manual data re-entry 
activities may exceed $1,000.00. 
 
4.1.6.1.2.2 Design Verification 
Participants were unable to report specific values for the factors of design 
verification.  However, participants suggested that the number of employees who 
perform design verification may exceed 1,000, resulting in more than 1,000 
employee labor hours logged in design verification activities.  Participants 
suggested that the value related to the total quantity of wages paid to all 




the organizational roles/titles of those employees who perform design verification 
are “Engineering Data Checking”.  Additionally, participants estimated that the 
cost of materials used for design verification may exceed $1,000.00. 
 
4.1.6.1.2.3 Design Re-Work 
Participants were unable to report specific values for the factors of design 
de-work.  However, participants suggested that the number of employees who 
perform design re-work may exceed 1,000, resulting in more than 1,000 
employee labor hours logged in design re-work activities.  Participants were 
unable to provide an estimate regarding the hourly wage rate paid to those 
employees who perform design re-work.  However, participant 2 reported that the 
organizational roles/titles of employees who perform design re-work are 
“Engineering Design”.  Additionally, participants estimated that the cost of 
materials used for design re-work may exceed $1,000.00. 
 
4.1.6.1.2.4 Information Request Management 
Participants were unable to report specific values for the factors of 
information request management.  However, the participants suggested that the 
number of employees who perform information request management may 
exceed 1,000, resulting in more than 1,000 employee labor hours logged in 
information request management activities.  Participants were unable to provide 
an estimate regarding the hourly wage rate paid to those employees who perform 




employees who perform information request management would vary 
substantially depending on where they were employed in the organization.  
Additionally, participants estimated that the cost of materials used for information 
request management may exceed $1,000.00. 
 
4.1.6.1.2.5 Production Re-Work 
Participants were unable to report specific values for the factors of 
production re-work.  However, the participants suggested that the number of 
employees who perform production re-work may exceed 1,000, resulting in more 
than 1,000 employee labor hours logged in production re-work activities.  
Participants were unable to provide an estimate regarding the hourly wage rate 
paid to those employees who perform production re-work.  Participants noted 
that the organizational roles/titles of those employees who perform production re-
work would vary depending on where they were employed in the organization.  
Participants were unable to provide an estimate regarding the cost of scrapped 
materials created by production re-work activities. 
 
4.1.6.1.3 Results 
Inadequate interoperability cost estimate ranges for organization 1 were 
computed in two manners.  First, the analysis tool was used to calculate high and 
low cost estimates utilizing only the cost factor components for which the 
participants were able to provide specific values.  Next, the analysis tool was 




were able to provide, estimated values provided by the participants, and default 
values developed by the researcher.  This resulted in two ranges of inadequate 
interoperability cost estimates. 
 
4.1.6.1.3.1 Avoidance Costs 
Figure 4.1 illustrates the percentages of the low and high estimates of 
avoidance costs at organization 1 that each avoidance cost component accounts 
for.  The two upper bars represent the high and low estimates of avoidance costs 
generated using only participant data (P), while the two lower bars represent the 
high and low estimates of avoidance costs generated using participant data and 
default values (P+D). 
 
 




4.1.6.1.3.1.1 Participant Data Estimates 
Because the participants were unable to disclose cost values regarding 
the cost of CAD licenses and the discount rate received for their purchase, the 
analysis tool reported $0.00 in licensing costs for redundant CAD systems.  
However, utilizing participant data, the analysis tool estimated that productivity 
costs for redundant CAD systems range from $624,000,000.00 to 
$1,664,000,000.00.  Training costs for redundant CAD systems were estimated 
to range from $600,000.00 to $1,800,000.00.  IT support costs for redundant 
CAD systems were estimated to range from $292,500,000.00 to $542,500,000.  
The cost of redundant CAD systems, provided by calculating the sum of these 
factors, was estimated to range from $917,100,000.00 to $2,208,300,000.00. 
Because the participants were unable to disclose or provide cost values 
regarding the cost of data translator licenses, the discounts received for their 
purchase, the cost of data translation outsourcing contracts, or the number of 
hours employees dedicate to data translator training, the analysis tool reported 
$0.00 in licensing costs, training costs, and outsourcing costs for data translators.  
However, utilizing participant data, the analysis tool estimated that productivity 
costs for data translators range from $1,250,000.00 to $2,500,000.00.  As such, 
the analysis tool reported that the cost of data translators ranged from 
$1,250,000.00 to $2,500,000.00. 
Because participants were unable to disclose or provide cost values 
regarding the number of employee hours dedicated to research and development 




analysis tool reported $0.00 in costs due to research and development.  Similarly, 
because participants were unable to provide cost values regarding any of the 
factors of process management, the analysis tool reported $0.00 in costs due to 
process management. 
Based upon the data provided by participants, the analysis tool estimated 
that the avoidance costs of inadequate interoperability range from 
$918,350,000.00 to $2,210,800,000.00.  
 
4.1.6.1.3.1.2 Participant Data + Default Values Estimates 
 In order to develop an estimate of the licensing costs incurred as a result 
of redundant CAD systems, the researcher utilized licensing cost default values 
in lieu of participant responses.  Utilizing this combination of participant data and 
default values, the analysis tool estimated that licensing costs for redundant CAD 
systems range from $75,229,447.40 to $179,597,223.80.  Because participant 
data regarding the hourly wage rate paid to those employees who perform CAD 
activities represented an unburdened rate, the researcher substituted the default 
wage rate value to reflect the additional cost incurred by the organization to 
provide benefits to employees.  Utilizing this combination of participant data and 
default values, the analysis tool estimated that productivity costs for redundant 
CAD systems range from $2,028,249,600.00 to $2,704,332,800.00.  Utilizing a 
similar substitution of default hourly wage rates in place of the unburdened hourly 
wage rates reported by participants, the analysis tool estimated that training 




Again, the unburdened hourly wage rates reported by participants were replaced 
by the default hourly wage rates developed by the researcher in order to estimate 
that IT support costs for redundant CAD systems cost $855,100,000.00.  Utilizing 
the combination of participant data and default cost factors, the cost of redundant 
CAD systems, provided by calculating the sum of these factors, was estimated to 
range from $2,960,529,317.40 to $3,741,955,383.80. 
Because the participants were unable to disclose or provide cost values 
regarding the cost of data translator licenses, the discounts received for their 
purchase, or the scope of work for data translation outsourcing contracts, the 
analysis tool reported $0.00 in licensing costs and outsourcing costs for data 
translators.  However, utilizing default values regarding the hourly wage rates 
paid to those employees who perform data translation activities and training and 
the number of hours employees dedicate to data translator training, the analysis 
tool estimated that productivity costs amount to $4,063,000.00 and training costs 
for data translators range from $15,601.92 to $78,009.60.  Utilizing the 
combination of participant data and default cost factors, the cost of data 
translators, provided by calculating the sum of these factors, was estimated to 
range from $4,078,601.92 to $4,141,009.60. 
Utilizing participant data and default cost factors, the analysis tool reported 
$807,872,000.00 in costs due to research and development.  However, because 
participants were unable to provide cost values regarding any of the factors of 





Based upon the data provided by participants, the analysis tool estimated 
that the avoidance costs of inadequate interoperability range from 
$3,772,479,919.32 to $4,553,968,393.40.   
 
4.1.6.1.3.2 Mitigation Costs 
Because participants were able to provide so little data regarding the costs 
of mitigation, no meaningful graphical representation of the distribution of 
mitigation costs can be provided. 
  
4.1.6.1.3.2.1 Participant Data Estimates 
Because participants were unable to disclose or provide cost values 
regarding any factors of mitigations costs, apart from the number of employees 
who participate in manual data re-entry and the hourly wage rate paid to those 
employees, the analysis tool reported $0.00 in costs due to manual data re-entry, 
design verification, design re-work, information request management, and 
production re-work.  As a result of the lack of data regarding mitigation costs, the 
analysis tool reported $0.00 in mitigation costs. 
 
4.1.6.1.3.2.2 Participant Data + Default Values Estimates 
Because participants were unable to disclose or provide cost values 
regarding any factors of mitigations costs, apart from the number of employees 
who participate in manual data re-entry and the hourly wage rate paid to those 




design re-work, information request management, and production re-work.  
Utilizing participant data and default cost values, the costs of manual data re-
entry were estimated at $84,510,400.00.  Based upon the data provided by 
participants, the analysis tool estimated the mitigation costs of inadequate 
interoperability at $84,510,400.00. 
 
4.1.6.1.3.3 Total Inadequate Interoperability Costs 
Figure 4.2 illustrates the percentages of the low and high estimates of the 
total costs of inadequate interoperability at organization 1 that each cost category 
accounts for.  The two upper bars represent the high and low estimates of 
inadequate interoperability costs generated using only participant data (P), while 
the two lower bars represent the high and low estimates of inadequate 
interoperability costs generated using participant data and default values (P+D). 
 
 




4.1.6.1.3.3.1 Participant Data Estimates 
Utilizing the estimated ranges of avoidance and mitigation costs, the 
analysis tool estimated that the total organizational cost of inadequate 
interoperability at organization 1 ranged from $918,350,000.00 to 
$2,210,800,000.00. 
 
4.1.6.1.3.3.2 Participant Data + Default Values Estimates 
Utilizing the estimated ranges of avoidance and mitigation costs and the 
default values developed by the researcher, the analysis tool estimated that the 
total organizational cost of inadequate interoperability at organization 1 ranged 
from $3,856,990,319.32 to $4,638,478,793.40.  Figure 4.5 illustrates the 
percentage of the overall inadequate interoperability cost low estimate that 
avoidance and mitigation costs account for.  Similarly, Figure 4.6 illustrates the 
percentage of the overall inadequate interoperability cost high estimate that 
avoidance and mitigation costs account for. 
 
4.1.6.2 Organization 2 
Organization 2 is a large aerospace OEM that serves both commercial 
and defense clients. 
 
4.1.6.2.1 Avoidance Costs 





4.1.6.2.1.1 Redundant CAD Systems 
The costs associated with CAD system redundancy (i.e., maintaining more 
than one unique CAD system) include licensing costs, productivity costs, training 
costs, and IT support costs.  Organization 2 presented an opportunity for the 
researcher to analyze the costs incurred by an organization that maintains 
multiple unique CAD systems for product development. 
 
4.1.6.2.1.1.1 Licensing Costs 
Participant 3 reported that the organization maintains 3 unique CAD 
systems.  The number of licenses maintained for each system varied, but 
participant 3 reported 30 licenses for AutoCAD, 400 licenses for CATIA V5, and 
225 licenses for CATIA V6.  Participant 3 reported that the organization paid 
approximately $3,000 per license of AutoCAD, $15,000 per license of CATIA V5, 
and $18,000 per license of CATIA V6.  Participant 3 also reported that the 
discount rate received for the purchase of licenses varied from 0% to 51%. 
 
4.1.6.2.1.1.2 Productivity Costs 
Participant 3 reported that 1500 employees perform CAD activities at the 
organization, resulting in approximately 1,950,000 to 2,340,000 employee labor 
hours logged in CAD activities.  Participant 3 estimated the burdened hourly 
wage rates for employees who perform CAD activities $80.00, and that the 
organizational roles/titles of those employees are “Product Engineering”, “Tool 




4.1.6.2.1.1.3 Training Costs 
Participant 3 reported that approximately 1500 employees must be trained 
to use CAD systems, and that each of those employees completes 80 to 200 
hours of CAD training.  Participant 3 estimated the burdened wage rate for 
employees who participate in CAD training at $80.00, and that the organizational 
roles/titles of those employees are “Product Engineering”, “Tool Engineering”, 
and or “Tool Design”.  Participants estimated that training fees may range from 
$2,000 to $6,000 per employee. 
 
4.1.6.2.1.1.4 IT Support Costs 
Participant 3 reported that 25 employees perform IT support activities at 
the organization, resulting in 52,000 employee labor hours logged in IT support 
activities.  Participant 3 estimated the burdened wage rates for employees who 
perform IT support at $80.00, and that the organizational roles/titles of those 
employees are “IT Specialist” or “CAD/CAM Analyst”.  Participants reported that 
the cost of materials used for IT support activities is included within training costs. 
 
4.1.6.2.1.2 Data Translators 
The costs associated with data translators (i.e., the file format conversion 
software necessary to adapt digital product data designed in one CAD system for 
use in a different CAD system) include licensing costs, productivity costs, training 




researcher to analyze the costs incurred by an organization that maintains 
multiple data translators for product development. 
 
4.1.6.2.1.2.1 Licensing Costs 
Participant 3 reported that the organization maintains 3 data translators, 
with the number of licenses purchased for each translator ranging from 4 to 5.  
Participant 3 reported the cost of shareable licenses for data translators at 
$10,000 per license.  Additionally, participant 3 reported that the discount rate 
received for the purchase of data translator licenses ranges from 20% to 53%. 
 
4.1.6.2.1.2.2 Productivity Costs 
Participant 3 reported that 0 employees perform data translation activities 
on a full time basis at the organization.  Instead data translation is handled by an 
automated process.  As such, participant 3 was unable to provide an estimate 
regarding the number of employee labor hours dedicated to data translation 
activities.  Participant 3 estimated the burdened wage rates for employees who 
perform data translation at $80.00, and that the organizational roles/titles of those 
employees are “Product Design Engineer”, “Tooling Engineer”, “Tool Design 
Engineer”, and “Purchasing Agent”. 
 
4.1.6.2.1.2.3 Training Costs 
Participant 3 reported that 0 employees must be trained to perform data 




by an automated process.  As such, participant 3 was unable to provide 
estimates regarding the hourly wages rates, organizational roles/titles, or training 
fees of those employees who must be trained to perform data translation. 
 
4.1.6.2.1.2.4 Outsourcing Costs 
Participant 3 reported that the organization maintains 0 contracts for data 
translation outsourcing.  As such, participant 3 reported that the costs regarding 
data translation outsourcing contracts are non-existent. 
 
4.1.6.2.1.3 Research & Development 
Participant 3 reported that 1500 employees perform research and 
development activities at the organization, resulting in 3,120,000 employee labor 
hours logged in research and development activities.  Participant 3 estimated the 
burdened hourly wage rates for employees who perform research and 
development at $65.00 per hour, and that the roles/titles of those employees are 
“Product Design Engineer”, “Tool Design Engineer”, “Tooling Engineer”, “Pilot”, 
“Mechanic”, and “Experimental Technician”.  Additionally, participant 3 estimated 
that the cost materials used for research and development range from 
$25,000,000.00 to $50,000,000.00 per year. 
 
4.1.6.2.1.4 Process Management 
Participant 3 estimated that 75 employees participate in process 




process management activities.  Participant 3 reported the burdened hourly wage 
rate paid to those who perform process management at $65.00 per hour.  
Additionally, participant 3 reported that the roles/titles of those employees who 
perform process management activities are “Manufacturing Engineering”.  
However, participant 3 was unable to provide an estimated cost regarding the 
materials used for process management activities. 
 
4.1.6.2.2 Mitigation Costs 
The following is a discussion of the mitigation costs incurred by 
organization 2. 
 
4.1.6.2.2.1 Manual Data Re-Entry 
Participant 3 reported that 1500 employees perform manual data re-entry 
activities at the organization, resulting in 312,000 employee labor hours logged in 
manual data re-entry activities.  Participant 3 reported the burdened hourly wage 
rate for those employees who perform manual data re-entry may at $80.00 per 
hour, and that the organizational roles/titles of those employees who perform 
manual data re-entry are “Design Engineer”.  Participant 3 reported $0.00 in 
costs regarding the materials used for manual data re-entry activities. 
 
4.1.6.2.2.2 Design Verification 
Participant 3 reported that 200 employees perform design verification 




design verification activities.  Participant 3 reported the burdened hourly wage 
rate for those employees who perform design verification at $100.00 per hour, 
and that the organizational roles/titles of those employees who perform design 
verification are “Structural Integrity Analyst”, “Systems Analyst”, “Pilot”, and 
“Mechanic”.  Additionally, participant 3 estimated that the cost of materials used 
for design verification ranges from $25,000,000.00 to $50,000,000.00 per year. 
 
4.1.6.2.2.3 Design Re-Work 
Participant 3 reported that 400 employees perform design re-work at the 
organization, resulting in 832,000 employee labor hours logged in design re-work 
activities.  Participant 3 reported the burdened hourly wage rate paid to those 
employees who perform design re-work at $80.00 per hour, and that the 
organizational roles/titles of employees who perform design re-work are 
“Sustaining Engineering”, “Tool Engineering”, and “Tool Design”.  Participant 3 
reported $0.00 in costs regarding the materials used for design re-work may 
activities. 
 
4.1.6.2.2.4 Information Request Management 
Participant 3 was unable to provide values regarding the factors of 







4.1.6.2.2.5 Production Re-Work 
Participant 3 reported that 50 employees perform production re-work at 
the organization, resulting in 104,000 employee labor hours logged in production 
re-work activities.  Participant 3 reported the burdened hourly wage rate paid to 
those employees who perform production re-work at $45.00 per hour, and that 
the organizational roles/titles of those employees who perform production re-
work are “Liaison Engineering”, “Machinist”, and “Mechanic”.  Participant 3 $0.00 
in costs regarding the scrapped materials created by production re-work activities. 
 
4.1.6.2.3 Results 
Inadequate interoperability cost estimate ranges for organization 2 were 
computed in two manners.  First, the analysis tool was used to calculate high and 
low cost estimates utilizing only the cost factor components for which the 
participants were able to provide specific values.  Next, the analysis tool was 
used to calculate high and low cost estimates utilizing the data the participant 
was able to provide, estimated values provided by the participant, and default 
values developed by the researcher.  This resulted in two ranges of inadequate 
interoperability cost estimates. 
 
4.1.6.2.3.1 Avoidance Costs 
Figure 4.3 illustrates the percentages of the low and high estimates of 
avoidance costs at organization 2 that each cost component accounts for.  The 




generated using only participant data (P), while the two lower bars represent the 
high and low estimates of avoidance costs generated using participant data and 
default values (P+D). 
 
 
Figure 4.3 – Organization 2 – Avoidance Costs Distribution 
 
4.1.6.2.3.1.1 Participant Data Estimates 
The analysis tool estimated that CAD licensing costs for redundant CAD 
systems range from $4,968,600.00 to $10,140,000.00.  The analysis tool 
estimated that productivity costs for redundant CAD systems range from 
$156,000,000.00 to $187,200,000.00.  Training costs for redundant CAD 
systems were estimated to range from $12,600,000.00 to $33,000,000.00.  IT 




cost of redundant CAD systems, provided by calculating the sum of these factors, 
was estimated to range from $176,948,600.00 to $233,720,000.00. 
Because data translation at the organization is handled by an automated 
process, the participant was unable to disclose or provide estimates regarding 
number of employees or employee hours dedicated to data translation 
productivity and training.  As such, the analysis tool reports $0.00 in costs due to 
data translation productivity and training.  Similarly, the internal automation of 
data translation activities resulted in a report of $0.00 in costs due to data 
translation outsourcing costs.  However, utilizing participant data, the analysis 
tool estimated that the licensing costs of data translators range from $56,400.00 
to $120,000.00.  As such, the analysis tool reported that the cost of data 
translators ranged from $56,400.00 to $120,000.00. 
Based upon the data provided by participant 3, the analysis tool estimated 
that the research and development costs of redundant CAD systems range from 
$227,800,000.00 to $252,800,000.00.  The analysis tool estimated that the 
process management costs of redundant CAD systems at $10,140,000.00. 
Based upon the data provided by participant 3, the analysis tool estimated 
that the avoidance costs of inadequate interoperability range from 
$414,945,000.00 to $496,780,000.00.   
 
4.1.6.2.3.1.2 Participant Data + Default Values Estimates 
 Participant 3 was able to provide cost values for all factors of inadequate 




there was no need for the use of default values for the inadequate interoperability 
cost assessment of organization 2.  All cost estimates, therefore, are identical to 
those discussed in the previous section.   
The analysis tool estimated that licensing costs for redundant CAD 
systems range from $4,968,600.00 to $10,140,000.00.  The analysis tool 
estimated that productivity costs for redundant CAD systems range from 
$156,000,000.00 to $187,200,000.00.  The analysis tool estimated that training 
costs for redundant CAD systems ranged from $12,600,000.00 to 
$33,000,000.00.  IT support costs for redundant CAD systems were estimated at 
$3,380,000.00.  The cost of redundant CAD systems, provided by calculating the 
sum of these factors, was estimated to range from $176,948,600.00 to 
$233,720,000.00. 
The analysis tool estimated that licensing costs for data translation range 
from $56,400.00 to $120,000.00.  Because of the internal automation of data 
translation activities, the productivity, training, and outsourcing costs of data 
translators were reported as $0.00.  The total cost of data translators, provided 
by calculating the sum of these factors, was estimated to range from $56,400.00 
to $120,000.00. 
The analysis tool estimated that the research and development costs of 
redundant CAD systems ranged from $227,800,000.00 to $252,800,000.00.  





Based upon the data provided by participant 3, the analysis tool estimated 
that the avoidance costs of inadequate interoperability range from 
$414,945,000.00 to $496,780,000.00. 
 
4.1.6.2.3.2 Mitigation Costs 
Figure 4.4 illustrates the percentages of the low and high estimates of 
mitigation costs at organization 2 that each cost component accounts for.  The 
two upper bars represent the high and low estimates of mitigation costs 
generated using only participant data (P), while the two lower bars represent the 
high and low estimates of mitigation costs generated using participant data and 
default values (P+D). 
 
 




4.1.6.2.3.2.1 Participant Data Estimates 
Because participant 3 was unable to provide cost values regarding any 
cost factors of information request management, the analysis tool reported $0.00 
in cost due to information request management.  However, the data provided by 
participant 3 was sufficient to calculate estimates of all other mitigation cost 
factors.  The analysis tool estimated manual data re-entry costs at 
$24,960,000.00.  Design verification costs were estimated to range from 
$66,600,000.00 to $91,600,000.00.  Design re-work costs and production re-work 
costs were estimated at $66,560,000.00 and $4,680,000.00, respectively. 
Based upon the data provided by participant 3, the analysis tool estimated 
that the mitigation costs of inadequate interoperability range from 
$162,800,000.00 to $187,800,000.00.   
 
4.1.6.2.3.2.2 Participant Data + Default Values Estimates 
Because participant 3 was unable to provide cost values regarding any 
cost factors of information request management, the analysis tool reported $0.00 
in costs due to information request management.  The analysis tool estimated 
manual data re-entry costs at $24,960,000.00.  Design verification costs were 
estimated to range from $66,600,000.00 to $91,600,000.00.  Design re-work 





Based upon the data provided by participant 3, the analysis tool estimated 
that the mitigation costs of inadequate interoperability range from 
$162,800,000.00 to $187,000,000.00.   
 
4.1.6.2.3.3 Total Inadequate Interoperability Costs 
Figure 4.5 illustrates the percentages of the low and high estimates of the 
total costs of inadequate interoperability at organization 2 that each cost category 
accounts for.  The two upper bars represent the high and low estimates of 
inadequate interoperability costs generated using only participant data (P), while 
the two lower bars represent the high and low estimates of inadequate 
interoperability costs generated using participant data and default values (P+D). 
 
 





4.1.6.2.3.3.1 Participant Data Estimates 
Utilizing the estimated ranges of avoidance and mitigation costs, the 
analysis tool estimated that the total organizational cost of inadequate 
interoperability at organization 2 ranged from $577,745,000.00 to 
$684,580,000.00.   
 
4.1.6.2.3.3.2 Participant Data + Default Values Estimates 
Utilizing the estimated ranges of avoidance and mitigation costs and the 
default values developed by the researcher, the analysis tool estimated that the 
total organizational cost of inadequate interoperability at organization 2 ranged 
from $577,745,000.00 to $684,580,000.00.   
 
4.1.6.3 Organization 3 
Organization 3 is a large automotive OEM that serves primarily 
commercial clients. 
 
4.1.6.3.1 Avoidance Costs 
The following is a discussion of the avoidance costs incurred by 
organization 3. 
 
4.1.6.3.1.1 Redundant CAD Systems 
  The costs associated with CAD system redundancy (i.e., maintaining 




training costs, and IT support costs.  Organization 3 presented an opportunity for 
the researcher to analyze the costs incurred by an organization that maintain 
only one unique CAD system for product development, mandating that all 
members of its supply chain submit data in a particular format. 
 
4.1.6.3.1.1.1 Licensing Costs 
Participant 4 reported that the organization maintains 1 unique CAD 
system, Siemens NX, with more than 25,000 licenses available.  Participant 4 
was unable to report specific values regarding the license costs or discount rate 
for the purchase of licenses. 
 
4.1.6.3.1.1.2 Productivity Costs 
Participant 4 reported that 25,000 employees perform CAD activities at the 
organization, resulting in approximately 50,000,000 employee labor hours logged 
in CAD activities.  Participant 4 estimated burdened wage rates for employees 
who perform CAD activities at $75.00 per hour. 
 
4.1.6.3.1.1.3 Training Costs 
Participant 4 reported that 25,000 employees must be trained to use CAD 
systems each year, and that each of those employees completes 40 hours of 
CAD training.  Participant 4 estimated burdened wage rates for employees who 
participate in CAD training may range from $75.00 per hour.  Participant 4 




4.1.6.3.1.1.4 IT Support Costs 
Participant 4 reported that 20 employees perform IT support activities at 
the organization, resulting in 40,000 employee labor hours logged in IT support 
activities.  Participant 4 estimated burdened wage rates for employees who 
perform IT support at $125.00 per hour.  Additionally, participant 4 estimated the 
cost of materials used for IT support activities at $20,000.00. 
 
4.1.6.3.1.2 Data Translators 
The costs associated with data translators (i.e., the file format conversion 
software necessary to adapt digital product data designed in one CAD system for 
use in a different CAD system) include licensing costs, productivity costs, training 
costs, and outsourcing costs.  Organization 3 presented an opportunity for the 
researcher to analyze the costs incurred by an organization that maintains a 
small number of data translators for product development. 
 
4.1.6.3.1.2.1 Licensing Costs 
Participant 4 reported that the organization maintains 3 data translators, 
with the number of licenses purchased for each translator never exceeding 10.  
Participant 4 was unable to divulge license costs or discount rates for the 







4.1.6.3.1.2.2 Productivity Costs 
Participant 4 reported that 8 employees perform data translation activities 
at the organization, resulting in 8,000 employee labor hours logged in data 
translation activities.  Participant 4 estimated burdened wage rates for employees 
who perform data translation at $75.00 per hour.  Additionally, participant 4 
estimated the cost of materials used for data translation activities at $8,000.00. 
 
4.1.6.3.1.2.3 Training Costs 
Participant 4 reported that 8 employees must be trained to perform data 
translation activities at the organization, and that each employee completes 8 
data translation training hours each year.  Participant 4 estimated burdened 
wage rates for employees who participate in data translation training at $75.00 
per hour.  Participant 4 reported data translation training fees at $100.00 per 
employee. 
 
4.1.6.3.1.2.4 Outsourcing Costs 
Participant 4 reported that the organization maintains 1 contract for data 
translation outsourcing, at a cost of $500,000.00. 
 
4.1.6.3.1.3 Research & Development 
As a result of organizational sensitivity, participant 4 was unable to report 





4.1.6.3.1.4 Process Management 
Participant 4 estimated that 12 employees participate in process 
management activities at the organization, resulting in 24,000 employee labor 
hours logged in process management activities.  Participant 4 estimated 
burdened hourly wage rate paid to those employees who perform process 
management activities at $150.00 per hour.  Additionally, participant 4 estimated 
that the cost of materials used for process management activities may range 
from $48,000.00 to $50,000.00. 
 
4.1.6.3.2 Mitigation Costs 
The following is a discussion of the mitigation costs incurred by 
organization 3. 
 
4.1.6.3.2.1 Manual Data Re-Entry 
Participant 4 reported that 500 of the 25,000 employees who perform CAD 
activities dedicated approximately 2.5% of their time to manual data re-entry 
activities at the organization, resulting in 25,000 employee labor hours logged in 
manual data re-entry activities.  Participant 4 reported the burdened hourly wage 
rate for those employees who perform manual data re-entry at $75.00 per hour.  
Additionally, participant 4 estimated the cost of materials used for manual data 






4.1.6.3.2.2 Design Verification 
Participant 4 reported that 2 employees perform design verification 
activities at the organization, resulting in 4,000 employee labor hours logged in 
design verification activities.  Participant 4 estimated the burdened hourly wage 
rate paid to those employees who perform design verification at $125.00 per hour.  
Additionally, participant 4 estimated the cost of materials used for design 
verification at $6,000.00. 
 
4.1.6.3.2.3 Design Re-Work 
Participant 4 reported that 500 of the 25,000 employees who perform CAD 
activities dedicated approximately 2.5% of their time to design re-work activities 
at the organization, resulting in 25,000 employee labor hours logged in design re-
work activities.  Participant 4 reported the burdened hourly wage rate for those 
employees who perform design re-work at $75.00 per hour.  Additionally, 
participant 4 estimated the cost of materials used for design re-work activities at 
$37,500.00. 
 
4.1.6.3.2.4 Information Request Management 
Participant 4 reported that the 25,000 employees who perform CAD 
activities dedicated 5% of their time to the management of information requests 
at the organization, resulting in 2,500,000 employee labor hours logged in 
information request management activities.  Participant 4 estimated the burdened 




per hour.  Participant 4 estimated the cost of materials used for information 
request management at $3,750,000.00. 
 
4.1.6.3.2.5 Production Re-Work 
Participant 4 reported that 0 employees perform production activities at 
the organization as a result of inadequate interoperability.  As such, 0 employee 
labor hours are logged in production re-work activities as a result of inadequate 
interoperability.  While participant 4 estimated the burdened hourly wage rate 
paid to those employees who perform production re-work at $75.00 per hour, the 
participant also reported the cost of scrapped construction materials created by 
production re-work activities at $0.00. 
 
4.1.6.3.3 Results 
Inadequate interoperability cost estimate ranges for organization 3 were 
computed in two manners.  First, the analysis tool was used to calculate high and 
low cost estimates utilizing only the cost factor components for which the 
participant was able to provide specific values.  Next, the analysis tool was used 
to calculate high and low cost estimates utilizing the data the participant was able 
to provide, estimated values provided by the participant, and default values 
developed by the researcher.  This resulted in two ranges of inadequate 






4.1.6.3.3.1 Avoidance Costs 
Figure 4.6 illustrates the percentages of the low and high estimates of 
avoidance costs at organization 3 that each cost component accounts for.  The 
two upper bars represent the high and low estimates of avoidance costs 
generated using only participant data (P), while the two lower bars represent the 
high and low estimates of avoidance costs generated using participant data and 
default values (P+D). 
 
 
Figure 4.6 – Organization 3 – Avoidance Costs Distribution 
 
4.1.6.3.3.1.1 Participant Data Estimates 
Because the participant was unable to disclose cost values regarding the 




analysis tool reported $0.00 in licensing costs for redundant CAD systems.  
However, utilizing participant data, the analysis tool estimated productivity costs 
for redundant CAD systems at $3,712,500,000.00.  Training costs for redundant 
CAD systems were estimated at $87,500,000.00.  IT support costs for redundant 
CAD systems were estimated at $5,020,000.00.  The cost of redundant CAD 
systems, provided by calculating the sum of these factors, was estimated at 
$3,805,020,000.00. 
Because the participant was unable to disclose or provide cost values 
regarding the cost of data translator licenses or the discounts received for their 
purchase, the analysis tool reported $0.00 in licensing costs for data translators.  
However, utilizing participant data, the analysis tool estimated productivity costs 
for data translators at $608,000.00.  Training costs for data translators were 
estimated at $5,600.00.  Outsourcing costs for data translators were estimated at 
$500,000.00.  As such, the analysis tool reported the cost of data translators at 
$1,113,600.00. 
Because the participant was unable to disclose or provide cost values 
regarding any of the cost factors of research and development, the analysis tool 
reported $0.00 in costs due to research and development.  However, utilizing 
participant data, the analysis tool reported $3,648,000.00 in costs due to process 
management. 
Based upon the data provided by the participant, the analysis tool 
estimated that the avoidance costs of inadequate interoperability range from 




4.1.6.3.3.1.2 Participant Data + Default Values Estimates 
 In order to develop an estimate of the licensing costs incurred as a result 
of redundant CAD systems, the researcher utilized licensing cost default values 
in lieu of participant responses.  Utilizing this combination of participant data and 
default values, the analysis tool estimated that licensing costs for redundant CAD 
systems range from $89,768,250.00 to $299,303,000.00.  Because participant 4 
provided sufficient data regarding all other cost factors of redundant CAD 
systems, the substitution of default values was unnecessary.  As such, the 
analysis tool estimated productivity costs for redundant CAD systems at 
$3,712,500,000.00.  The analysis tool estimated training costs for redundant 
CAD systems at $87,500,000.00.  IT support costs for redundant CAD systems 
were estimated at $5,020,000.00.  Utilizing the combination of participant data 
and default cost factors, the cost of redundant CAD systems, provided by 
calculating the sum of these factors, was estimated to range from 
$3,894,788,250.00 to $4,104,323,000.00. 
Because the participant was unable to disclose or provide cost values 
regarding the cost of data translator licenses or the discounts received for their 
purchase, the analysis tool reported $0.00 in licensing costs for data translators.  
However, utilizing participant data, the analysis tool estimated productivity costs 
and training costs for data translators at $608,000.00 and $5,600.00, respectively.  
Outsourcing costs were reported at $500,000.00.  Utilizing the combination of 
participant data and default cost factors, the cost of data translators, provided by 




Because the participant was unable to disclose or provide cost values 
regarding the number of employee hours dedicated to research and development 
or the cost of materials used for research and development activities, the 
analysis tool reported $0.00 in costs due to research and development.  However, 
the analysis tool reported that the costs due to process management range from 
$3,648,000.00 to $3,650,000.00. 
Based upon the data provided by the participant, the analysis tool 
estimated that the avoidance costs of inadequate interoperability range from 
$3,899,549,850.00 to $4,109,086,600.00.  
 
4.1.6.3.3.2 Mitigation Costs 
Figure 4.7 illustrates the percentages of the low and high estimates of 
avoidance costs at organization 3 that each cost component accounts for.  The 
two upper bars represent the high and low estimates of avoidance costs 
generated using only participant data (P), while the two lower bars represent the 
high and low estimates of avoidance costs generated using participant data and 






Figure 4.7 – Organization 3 – Mitigation Costs Distribution 
 
4.1.6.3.3.2.1 Participant Data Estimates 
Utilizing participant data, the analysis tool reported $1,912,500.00 in costs 
due to manual data re-entry.  Design verification costs were estimated at 
$506,000.00.  Design re-work costs were estimated at $1,912,500.00.  
Information request management costs were estimated at $191,250,000.00.  The 
analysis tool reported $0.00 in production re-work costs.  Based upon the data 
provided by the participant, the analysis tool reported $195,581,000.00 in 







4.1.6.3.3.2.2 Participant Data + Default Values Estimates 
Utilizing participant data, the analysis tool reported $1,912,500.00 in costs 
due to manual data re-entry.  Design verification costs were estimated at 
$506,000.00.  Design re-work costs were estimated at $1,912,500.00.  
Information request management costs were estimated at $191,250,000.00.  The 
analysis tool reported $0.00 in production re-work costs.  Based upon the data 
provided by the participant, the analysis tool reported $195,581,000.00 in 
mitigation costs.   
 
4.1.6.3.3.3 Total Inadequate Interoperability Costs 
Figure 4.8 illustrates the percentages of the low and high estimates of the 
total costs of inadequate interoperability at organization 3 that each cost category 
accounts for.  The two upper bars represent the high and low estimates of 
inadequate interoperability costs generated using only participant data (P), while 
the two lower bars represent the high and low estimates of inadequate 






Figure 4.8 – Organization 3 – Inadequate Interoperability Costs Distribution 
 
4.1.6.3.3.3.1 Participant Data Estimates 
Utilizing the estimated ranges of avoidance and mitigation costs, the 
analysis tool estimated that the total organizational cost of inadequate 
interoperability at organization 3 ranged from $4,005,362,600.00 to 
$4,005,364,600.00.   
 
4.1.6.3.3.3.2 Participant Data + Default Values Estimates 
Utilizing the estimated ranges of avoidance and mitigation costs and the 
default values developed by the researcher, the analysis tool estimated that the 
total organizational cost of inadequate interoperability at organization 3 ranged 





4.1.6.4 Organization 4 
Organization 4 is a large aerospace OEM and Tier 1 supplier that serves 
both commercial and defense clients. 
 
4.1.6.4.1 Avoidance Costs 
The following is a discussion of the avoidance costs incurred by 
organization 4. 
 
4.1.6.4.1.1 Redundant CAD Systems 
  The costs associated with CAD system redundancy (i.e., maintaining 
more than one unique CAD system) include licensing costs, productivity costs, 
training costs, and IT support costs.  Organization 4 presented an opportunity for 
the researcher to analyze the costs incurred by an organization that maintains 
multiple unique CAD systems for product development. 
 
4.1.6.4.1.1.1 Licensing Costs 
Participant 5 reported that the organization maintains 5 unique CAD 
systems, CATIA V4, CATIA V5, Siemens NX, PTC ProE, and NX I-DEAS, with 
1,000 to 1,500 licenses of each system.  Participant 5 was unable to report 







4.1.6.4.1.1.2 Productivity Costs 
Participant 5 reported that 1,800 to 2,000 employees perform CAD 
activities at the organization, resulting in approximately 2,808,000 to 4,160,000 
employee labor hours logged in CAD activities.  Participant 5 was unable to 
report specific values regarding the hourly wage rates paid to those employees 
who perform CAD activities, but noted that the organizational role/title of those 
employees who perform CAD activities is “Engineer I-III”. 
 
4.1.6.4.1.1.3 Training Costs 
Participant 5 reported that 1,800 to 2,000 employees must be trained to 
use CAD systems each year, and that each of those employees completes 40 
hours of CAD training.  Participant 5 was unable to report specific values 
regarding the hourly wage rates paid to those employees who participate in CAD 
training or the CAD training fees that apply to each employee, but noted that the 
organizational role/title of those employees who participate in CAD training is 
“Engineer I-III”. 
 
4.1.6.4.1.1.4 IT Support Costs 
Participant 5 reported that 20 employees perform IT support activities at 
the organization, resulting in 31,000 to 41,600 employee labor hours logged in IT 
support activities.  Participant 5 was unable to report specific values regarding 
the hourly wage rates paid to those employees who perform IT support activities 




organizational role/title of those employees who perform IT support activities is 
“Architect”, “Analyst”, or “Administrator”. 
 
4.1.6.4.1.2 Data Translators 
The costs associated with data translators (i.e., the file format conversion 
software necessary to adapt digital product data designed in one CAD system for 
use in a different CAD system) include licensing costs, productivity costs, training 
costs, and outsourcing costs.  Organization 4 presented an opportunity for the 
researcher to analyze the costs incurred by an organization that maintains a 
small number of data translators for product development. 
 
4.1.6.4.1.2.1 Licensing Costs 
Participant 5 reported that the organization maintains 3 data translators, 
with 15 licenses purchased for each translator.  Participant 5 was unable to 
divulge license costs or discount rates for the purchase of licenses. 
 
4.1.6.4.1.2.2 Productivity Costs 
Participant 5 reported that 10 employees perform data translation activities 
at the organization, resulting in 15,600 to 20,800 employee labor hours logged in 
data translation activities.  Participant 5 was unable to report specific values 
regarding the hourly wage rates paid to those employees who perform data 




but noted that the organizational role/title of those employees who perform data 
translation activities is “Engineer I-III”. 
 
4.1.6.4.1.2.3 Training Costs 
Participant 5 reported that 10 employees must be trained to perform data 
translation activities at the organization, and that each employee completes 40 
data translation training hours each year.  Participant 5 was unable to report 
specific values regarding the hourly wage rates paid to those employees who 
participate in data translator training or the cost of data translator training fees 
that apply to each employee, but noted that the organizational role/title of those 
employees who participate in data translation training is “Engineer I-III”. 
 
4.1.6.4.1.2.4 Outsourcing Costs 
Participant 5 was unable to report specific values regarding cost factors of 
data translation outsourcing. 
 
4.1.6.4.1.3 Research & Development 
Participant 5 reported that 250 employees perform research and 
development activities at the organization, resulting in 390,000 to 520,000 
employee labor hours logged in research and development activities.  Participant 
5 was unable to report specific values regarding the hourly wage rates paid to 
those employees who perform research and development activities or the cost of 




organizational role/title of those employees who perform research and 
development activities is “Engineer II-III”, “Sr Engineer”, “Principal Engineer”, or 
“Staff Engineer”. 
 
4.1.6.4.1.4 Process Management 
Participant 5 estimated that 150 employees participate in process 
management activities at the organization, resulting in 234,000 to 312,000 
employee labor hours logged in process management activities.  Participant 5 
was unable to report specific values regarding the hourly wage rates paid to 
those employees who perform process management activities or the cost of 
materials used for process management activities, but noted that the 
organizational role/title of those employees who perform process management 
activities is “Sr Engineer”, “Principal Engineer”, or “Staff Engineer”. 
 
4.1.6.4.2 Mitigation Costs 
The following is a discussion of the mitigation costs incurred by 
organization 4. 
 
4.1.6.4.2.1 Manual Data Re-Entry 
Participant 5 reported that 50 employees perform manual data re-entry 
activities at the organization, resulting in 78,000 to 104,000 employee labor hours 
logged in manual data re-entry activities.  Participant 5 was unable to report 




perform manual data re-entry activities or the cost of materials used for manual 
data re-entry activities, but noted that the organizational role/title of those 
employees who perform manual data re-entry activities is “Contract Service 
Worker”, “Engineer I”, or “Technician”. 
 
4.1.6.4.2.2 Design Verification 
Participant 5 reported that 50 to 100 employees perform design 
verification activities at the organization, resulting in 78,000 to 208,000 employee 
labor hours logged in design verification activities.  Participant 5 was unable to 
report specific values regarding the hourly wage rates paid to those employees 
who perform design verification activities or the cost of materials used for design 
verification activities, but noted that the organizational role/title of those 
employees who perform design verification activities is “Engineer II-III”. 
 
4.1.6.4.2.3 Design Re-Work 
Participant 5 reported that 1,800 to 2,000 employees perform design re-
work activities at the organization, resulting in 1,872,000 to 4,160,000 employee 
labor hours logged in design re-work activities.  Participant 5 was unable to 
report specific values regarding the hourly wage rates paid to those employees 
who perform design re-work activities or the cost of materials used for design re-
work activities, but noted that the organizational role/title of those employees who 





4.1.6.4.2.4 Information Request Management 
Participant 5 was unable to report specific values regarding any of the cost 
factors of information request management. 
 
4.1.6.4.2.5 Production Re-Work 
Participant 5 was unable to report specific values regarding any of the cost 
factors of production re-work, but noted that the organizational role/title of those 
employees who perform production re-work activities is “Technician I-III”. 
 
4.1.6.4.3 Results 
Inadequate interoperability cost estimate ranges for organization 4 were 
computed in two manners.  First, the analysis tool was used to calculate high and 
low cost estimates utilizing only the cost factor components for which the 
participants were able to provide specific values.  Next, the analysis tool was 
used to calculate high and low cost estimates utilizing the data the participants 
were able to provide, estimated values provided by the participants, and default 
values developed by the researcher.  This resulted in two ranges of inadequate 
interoperability cost estimates. 
 
4.1.6.4.3.1 Avoidance Costs 
Figure 4.9 illustrates the percentages of the low and high estimates of 
avoidance costs at organization 4 that each cost component accounts for.  The 




generated using only participant data (P), while the two lower bars represent the 
high and low estimates of avoidance costs generated using participant data and 
default values (P+D). 
 
 
Figure 4.9 – Organization 4 – Mitigation Costs Distribution 
 
4.1.6.4.3.1.1 Participant Data Estimates 
Because the participant was unable to disclose cost values regarding the 
cost of CAD or data translator licenses, training and outsourcing, the discount 
rate received for their purchase, the hourly wages paid to the employees who 
perform various activities, or any of the cost factors of information request 




all of the various factors and sub-factors of inadequate interoperability at 
organization 4.  The researcher was forced to make extensive use of the 
researched default values in order to complete the assessment of organization 4 
and provide cost estimates. 
 
4.1.6.4.3.1.2 Participant Data + Default Values Estimates 
 In order to develop an estimate of the licensing costs incurred as a result 
of redundant CAD systems, the researcher utilized licensing cost default values 
in lieu of participant responses.  Utilizing this combination of participant data and 
default values, the analysis tool estimated that licensing costs for redundant CAD 
systems range from $24,368,900.00 to $98,487,795.00.  In order to develop an 
estimate of the productivity costs incurred as a result of redundant CAD systems, 
the researcher utilized wage rate default values in lieu of participant responses.  
As such, the analysis tool estimated that productivity costs for redundant CAD 
systems range from $228,178,090.00 to $338,041,600.00.  In order to develop 
an estimate of the training costs incurred as a result of redundant CAD systems, 
the researcher utilized wage rate default values in lieu of participant responses.  
The analysis tool estimated that training costs for redundant CAD systems range 
from $5,850,720.00 to $6,500,800.00.  In order to develop an estimate of the IT 
support costs incurred as a result of redundant CAD systems, the researcher 
utilized wage rate default values in lieu of participant responses.  IT support costs 
for redundant CAD systems were estimated to range from $2,535,312.00 to 




factors, the cost of redundant CAD systems, provided by calculating the sum of 
these factors, was estimated to range from $260,833,012.00 to $446,410,611.00. 
Because the participant was unable to disclose or provide cost values 
regarding the cost of data translator licenses or the discounts received for their 
purchase, the analysis tool reported $0.00 in licensing costs for data translators.  
However, utilizing participant data and wage rate default values, the analysis tool 
estimated that productivity costs for data translators range from $1,267,656.00 to 
$1,690,208.00.  Similarly, the researcher utilized wage rate default values in 
order to estimate the training costs for data translators at $32,504.00.  Because 
the participant was unable to provide cost values regarding any of the factors of 
data translation outsourcing, the analysis tool reported the cost at $0.00.  
Utilizing the combination of participant data and default cost factors, the cost of 
data translators, provided by calculating the sum of these factors, was estimated 
to range from $1,300,160.00 to $1,722,712.00. 
In order to develop an estimate of the costs incurred as a result of 
research and development and process management, the researcher utilized 
wage rate default values in lieu of participant responses.  The analysis tool 
reported $37,869,000.00 to $50,492,000.00 in costs due to research and 
development.  Similarly, the analysis tool reported that the costs due to process 
management range from $27,354,600.00 to $36,472,800.00. 
Based upon the data provided by the participant, the analysis tool 
estimated that the avoidance costs of inadequate interoperability range from 




4.1.6.4.3.2 Mitigation Costs 
Figure 4.10 illustrates the percentages of the low and high estimates of 
mitigation costs at organization 4 that each cost component accounts for.  The 
two upper bars represent the high and low estimates of mitigation costs 
generated using only participant data (P), while the two lower bars represent the 
high and low estimates of mitigation costs generated using participant data and 
default values (P+D). 
 
 







4.1.6.4.3.2.1 Participant Data Estimates 
Because the participant was unable to disclose cost values regarding 
crucial mitigation cost factors, the analysis tool reported $0.00 in costs for all of 
the various factors and sub-factors of inadequate interoperability at organization 
4.  The researcher was forced to make extensive use of the researched default 
values in order to complete the assessment of organization 4 and provide cost 
estimates. 
 
4.1.6.4.3.2.2 Participant Data + Default Values Estimates 
In order to develop an estimate of the costs incurred as a result of manual 
data re-entry, design verification, design re-work, information request 
management, and production re-work, the researcher utilized wage rate default 
values in lieu of participant responses.  Utilizing this combination of participant 
data and researched default values, the analysis tool reported a range of 
$6,338,280.00 to $8,451,040.00 in costs due to manual data re-entry.  Design 
verification costs were estimated to range from $6,338,280.00 to $16,902,080.00.  
Design re-work costs were estimated to range from $151,118,720.00 to 
$338,041,600.00.  Because the participant was unable to provide specific values 
regarding the number of employees performing or employee labor hours logged 
in information request management and production re-work activities, the costs 
for both of these categories were reported as $0.00.  Based upon the data 
provided by the participant, the analysis tool reported that mitigation costs range 




4.1.6.4.3.3 Total Inadequate Interoperability Costs 
Figure 4.11 illustrates the percentages of the low and high estimates of 
the total costs of inadequate interoperability at organization 4 that each cost 
category accounts for.  The two upper bars represent the high and low estimates 
of inadequate interoperability costs generated using only participant data (P), 
while the two lower bars represent the high and low estimates of inadequate 
interoperability costs generated using participant data and default values (P+D). 
 
 
Figure 4.11 – Organization 4 – Inadequate Interoperability Costs Distribution 
 
4.1.6.4.3.3.1 Participant Data Estimates 
Because the participant was unable to disclose cost values regarding the 




rate received for their purchase, the hourly wages paid to the employees who 
perform various activities, or any of the cost factors of information request 
management and production e-work, the analysis tool reported $0.00 in costs for 
all of the various factors and sub-factors of inadequate interoperability at 
organization 4.  The researcher was forced to make extensive use of the 
researched default values in order to complete the assessment of organization 4 
and provide cost estimates. 
 
4.1.6.4.3.3.2 Participant Data + Default Values Estimates 
Utilizing the estimated ranges of avoidance and mitigation costs and the 
default values developed by the researcher, the analysis tool estimated that the 
total organizational cost of inadequate interoperability at organization 4 ranged 
from $492,252,052.00 to $898,492,843.00. 
 
4.1.6.5 Organization 5 
Organization 5 is a large aerospace OEM and Tier 1 supplier that serves 
both commercial and defense clients. 
 
4.1.6.5.1 Avoidance Costs 







4.1.6.5.1.1 Redundant CAD Systems 
  The costs associated with CAD system redundancy (i.e., maintaining 
more than one unique CAD system) include licensing costs, productivity costs, 
training costs, and IT support costs.  Organization 5 presented an opportunity for 
the researcher to analyze the costs incurred by an organization that maintains a 
small number of unique CAD systems for product development. 
 
4.1.6.5.1.1.1 Licensing Costs 
Participant 6 reported that the organization maintains 2 unique CAD 
systems, Siemens NX and Solidworks.  The organization maintains 187 licenses 
of Siemens NX and 144 licenses of Solidworks.  Participant 6 was unable to 
report specific values regarding the license costs or discount rate for the 
purchase of licenses. 
 
4.1.6.5.1.1.2 Productivity Costs 
Participant 6 reported that a total of 256 users perform CAD activities 
using Siemens NX and 220 users perform CAD activities using Solidworks, 
resulting in approximately 145,000 employee labor hours logged in CAD activities.  
Participant 6 reported unburdened hourly wage rates paid to those employees 
who perform CAD activities at $35.00 per hour and burdened hourly wage rates 
at $80.00 per hour.  The participant also noted that the organization role/title of 





4.1.6.5.1.1.3 Training Costs 
Participant 6 reported that 2 new employees must be trained to use CAD 
systems each year, and that each of those employees completes 40 hours of 
CAD training.  In addition, the participant reported that all CAD users undergo 20 
hours of version upgrade training every 2 years.  Participant 6 reported 
unburdened hourly wage rates paid to those employees who perform CAD 
activities at $35.00 per hour and burdened hourly wage rates at $80.00 per hour.  
Participant 6 was unable to report specific values regarding the CAD training fees 
that apply to each employee, but noted that the organizational role/title of those 
employees who participate in CAD training is “Electro-Mechanical Designer”. 
 
4.1.6.5.1.1.4 IT Support Costs 
Participant 6 reported that 4 employees perform IT support activities for 
Siemens NX and 2 employees perform IT support activities for Solidworks at the 
organization, resulting in approximately 12,500 employee labor hours logged in 
IT support activities.  Participant 6 reported unburdened hourly wage rates paid 
to those employees who perform IT support activities at $55.00 per hour and 
burdened hourly wage rates at $110.00 per hour.  Participant 6 was unable to 
report specific values regarding the cost of materials used for IT support activities, 
but noted that the organization role/title of those employees who perform IT 






4.1.6.5.1.2 Data Translators 
The costs associated with data translators (i.e., the file format conversion 
software necessary to adapt digital product data designed in one CAD system for 
use in a different CAD system) include licensing costs, productivity costs, training 
costs, and outsourcing costs.  Organization 5 presented an opportunity for the 
researcher to analyze the costs incurred by an organization that maintains a 
small number of data translators for product development. 
 
4.1.6.5.1.2.1 Licensing Costs 
Participant 6 reported that the organization maintains 4 data translators, 
with 1 or 2 licenses purchased for each translator.  Participant 6 was unable to 
report specific values regarding license costs or discount rates for the purchase 
of licenses. 
 
4.1.6.5.1.2.2 Productivity Costs 
Participant 6 reported that 2 or 3 employees perform data translation 
activities at the organization, resulting in approximately 120 employee labor 
hours logged in data translation activities.  Participant 6 reported unburdened 
hourly wage rates paid to those employees who perform data translation 
activities at $35.00 per hour and burdened hourly wage rates at $80.00 per hour.  
Participant 6 was unable to report specific values regarding the cost of any 




those employees who participate in CAD training is “Electro-Mechanical 
Designer”. 
 
4.1.6.5.1.2.3 Training Costs 
Participant 6 reported that 1 or 2 employees must be trained to perform 
data translation activities at the organization each year, but was unable to report 
a specific value regarding the number of employee labor hours dedicated by 
each employee because all training was performed “on-the-job”, rather than in a 
classroom setting.  Participant 6 reported unburdened hourly wage rates paid to 
those employees who participate in data translation training at $35.00 per hour 
and burdened hourly wage rates at $80.00 per hour.  Participant 6 was unable to 
report a specific value regarding the cost of any training fees that apply to each 
employee, but noted that the organizational role/title of those employees who 
participate in data translation training is “Electro-Mechanical Designer”. 
 
4.1.6.5.1.2.4 Outsourcing Costs 
Participant 6 reported that the organization maintains one contract for 
outsourced data translation at all times, and that the cost of outsourced data 
translations is approximately $1,000.00 per “typical size assembly”. 
 
4.1.6.5.1.3 Research & Development 
Participant 6 was unable to report specific values regarding any of the cost 




included in the estimates of redundant CAD systems.  The organization has no 
metric in place in order to track these items separately. 
 
4.1.6.5.1.4 Process Management 
Participant 6 estimated that 25 employees participate in process 
management activities at the organization, resulting in approximately 6,000 
employee labor hours logged in process management activities.  Participant 6 
reported the unburdened hourly wage rates paid to those employees who 
perform process management activities at $25.00 per hour.  Participant 6 was 
unable to report a specific value regarding the cost of materials used for process 
management activities, but noted that the organizational role/title of those 
employees who perform process management activities is “Electro-Mechanical 
Designer” or “Configuration Coordinator”. 
 
4.1.6.5.2 Mitigation Costs 
The following is a discussion of the mitigation costs incurred by 
organization 5. 
 
4.1.6.5.2.1 Manual Data Re-Entry 
Participant 6 was unable to report specific values regarding any of the cost 
factors of manual data re-entry, noting that the organization does not typically 





4.1.6.5.2.2 Design Verification 
Participant 6 reported that 15 employees perform design verification 
activities at the organization, resulting in approximately 16,000 employee labor 
hours logged in design verification activities.  Participant 6 reported the 
unburdened hourly wage rate paid to those employees who perform design 
verification activities at $33.00 per hour, and noted that the organizational 
role/title of employees who perform design verification activities is “Electro-
Mechanical Designer”.  Additionally, the participant estimated the cost of 
materials used for design verification activities at $80,000.00 per year. 
 
4.1.6.5.2.3 Design Re-Work 
Participant 6 reported that 14 employees perform design re-work activities 
at the organization, resulting in 22,000 employee labor hours logged in design re-
work activities.  Participant 6 reported the unburdened hourly wage rate paid to 
those employees who perform design re-work activities at $27.50 per hour, and 
noted that the organizational role/title of employees who perform design re-work 
is “Electro-Mechanical Designer”.  The participant was unable to report specific 
values regarding the cost of materials used for design re-work activities. 
 
4.1.6.5.2.4 Information Request Management 
Participant 6 reported that 5 employees perform information request 
management activities at the organization, resulting in 1,000 employee labor 




reported the unburdened hourly wage rate paid to those employees who perform 
information request management activities at $30.00 per hour, and noted that the 
organizational role/title of employees who perform information request 
management is “Electro-Mechanical Designer”.  The participant was unable to 
report specific values regarding the cost of any materials used for information 
request management. 
 
4.1.6.5.2.5 Production Re-Work 
Participant 6 was unable to report specific values regarding any of the cost 
factors of production re-work, as the data regarding these costs are included in 
the estimates of design re-work.  The organization has no metric in place in order 
to track these items separately. 
 
4.1.6.5.3 Results 
Inadequate interoperability cost estimate ranges for organization 5 were 
computed in two manners.  First, the analysis tool was used to calculate high and 
low cost estimates utilizing only the cost factor components for which the 
participants were able to provide specific values.  Next, the analysis tool was 
used to calculate high and low cost estimates utilizing the data the participants 
were able to provide, estimated values provided by the participants, and default 
values developed by the researcher.  This resulted in two ranges of inadequate 





4.1.6.5.3.1 Avoidance Costs 
Figure 4.12 illustrates the percentages of the low and high estimates of 
avoidance costs at organization 5 that each cost component accounts for.  The 
two upper bars represent the high and low estimates of avoidance costs 
generated using only participant data (P), while the two lower bars represent the 
high and low estimates of avoidance costs generated using participant data and 
default values (P+D). 
 
 
Figure 4.12 – Organization 5 – Mitigation Costs Distribution 
 
4.1.6.5.3.1.1 Participant Data Estimates 
Because the participant was unable to disclose cost values regarding the 




analysis tool reported $0.00 in licensing costs for redundant CAD systems.  
However, utilizing participant data, the analysis tool estimated that productivity 
costs for redundant CAD systems range from $5,075,000.00 to $11,600,000.00.  
Training costs for redundant CAD systems were estimated to range from 
$169,400.00 to $387,200.00.  IT support costs for redundant CAD systems were 
estimated to range from $687,500.00 to $1,375,000.00.  The cost of redundant 
CAD systems, provided by calculating the sum of these factors, was estimated to 
range from $5,931,900.00 to $13,362,200.00. 
Because the participant was unable to disclose or provide cost values 
regarding the cost of data translator licenses or the discounts received for their 
purchase, the number of labor hours dedicated to data translation training, or the 
cost of data translation outsourcing contracts, the analysis tool reported $0.00 in 
licensing costs, training costs, and outsourcing costs for data translators.  
However, utilizing participant data, the analysis tool estimated $4,200.00 to 
$9,600.00 in data translation productivity costs.  As such, the analysis tool 
reported the cost of data translators range from $4,200.00 to $9,600.00. 
Because the participant was unable to disclose or provide cost values 
regarding any of the cost factors of research and development, the analysis tool 
reported $0.00 in costs due to research and development.  However, utilizing 





Based upon the data provided by the participant, the analysis tool 
estimated that the avoidance costs of inadequate interoperability range from 
$6,086,100.00 to $13,521,800.00.   
 
4.1.6.5.3.1.2 Participant Data + Default Values Estimates 
In order to develop an estimate of the licensing costs incurred as a result 
of redundant CAD systems, the researcher utilized licensing cost default values 
in lieu of participant responses.  Utilizing this combination of participant data and 
default values, the analysis tool estimated that licensing costs for redundant CAD 
systems range from $1,085,793.39 to $17,129,689.00.  Because participant 6 
provided sufficient data regarding all other cost factors of redundant CAD 
systems, the substitution of default values was unnecessary.  As such, the 
analysis tool estimated that productivity costs for redundant CAD systems range 
from $5,075,000.00 to $11,600,000.00.  The analysis tool estimated that training 
costs for redundant CAD systems range from $169,400.00 to $387,200.00.  IT 
support costs for redundant CAD systems were estimated to range from 
$687,500.00 to $1,375,000.00.  Utilizing the combination of participant data and 
default cost factors, the cost of redundant CAD systems, provided by calculating 
the sum of these factors, was estimated to range from $7,017,693.39 to 
$17,129,689.00. 
Because the participant was unable to disclose or provide cost values 
regarding the cost of data translator licenses or the discounts received for their 




However, utilizing participant data, the analysis tool estimated that productivity 
costs and training costs for data translators range from $4,200.00 to $9,600.00 
and from $280.00 to $6,400.00, respectively.  Because the participant was 
unable to provide the necessary cost values, data translation outsourcing costs 
were reported at $0.00.  Utilizing the combination of participant data and default 
cost factors, the cost of data translators, provided by calculating the sum of these 
factors, was estimated to range from $4,480.00 to $16,000.00. 
Because the participant was unable to disclose or provide cost values 
regarding any of the cost factors of research and development, the analysis tool 
reported $0.00 in costs due to research and development.  However, utilizing 
participant data, the analysis tool reported the costs due to process management 
at $150,000.00. 
Based upon the data provided by the participant and the default values 
developed by the researcher, the analysis tool estimated that the avoidance 
costs of inadequate interoperability range from $7,172,173.39 to $17,295,689.00. 
 
4.1.6.5.3.2 Mitigation Costs 
Figure 4.13 illustrates the percentages of the low and high estimates of 
mitigation costs at organization 5 that each cost component accounts for.  The 
two upper bars represent the high and low estimates of mitigation costs 
generated using only participant data (P), while the two lower bars represent the 
high and low estimates of mitigation costs generated using participant data and 






Figure 4.13 – Organization 5 – Mitigation Costs Distribution 
 
4.1.6.5.3.2.1 Participant Data Estimates 
Because the participant was unable to provide cost values regarding any 
of the factors of manual data re-entry, the analysis tool reported $0.00 in costs 
due to manual data re-entry.  Design verification costs were estimated at 
$608,000.00.  Design re-work costs were estimated at $605,000.00.  Information 
request management costs were estimated at $30,000.00.  Because the cost 
values regarding production re-work were incorporated into the data reported for 
design re-work, the analysis tool reported $0.00 in production re-work costs.  
Based upon the data provided by the participant, the analysis tool reported 




4.1.6.5.3.2.2 Participant Data + Default Values Estimates 
Because the participant was unable to provide cost values regarding any 
of the factors of manual data re-entry, the analysis tool reported $0.00 in costs 
due to manual data re-entry.  However, utilizing participant data, design 
verification costs were estimated at $608,000.00.  Design re-work costs were 
estimated at $605,000.00.  Information request management costs were 
estimated at $30,000.00.  Because of the nature of re-work cost tracking at the 
organization, the analysis tool reported $0.00 in production re-work costs.  Based 
upon the data provided by the participant, the analysis tool reported 
$1,243,000.00 in mitigation costs. 
 
4.1.6.5.3.3 Total Inadequate Interoperability Costs 
Figure 4.14 illustrates the percentages of the low and high estimates of 
the total costs of inadequate interoperability at organization 5 that each cost 
category accounts for.  The two upper bars represent the high and low estimates 
of inadequate interoperability costs generated using only participant data (P), 
while the two lower bars represent the high and low estimates of inadequate 






Figure 4.14 – Organization 5 – Inadequate Interoperability Costs Distribution 
 
4.1.6.5.3.3.1 Participant Data Estimates 
Utilizing the estimated ranges of avoidance and mitigation costs, the 
analysis tool estimated that the total organizational cost of inadequate 
interoperability at organization 5 ranged from $7,329,100.00 to $14,764,800.00.   
 
4.1.6.5.3.3.2 Participant Data + Default Values Estimates 
Utilizing the estimated ranges of avoidance and mitigation costs and the 
default values developed by the researcher, the analysis tool estimated that the 
total organizational cost of inadequate interoperability at organization 5 ranged 





4.1.6.6 Organization 6 
Organization 6 is a large aerospace OEM that serves both commercial 
and defense clients. 
 
4.1.6.6.1 Avoidance Costs 
The following is a discussion of the avoidance costs incurred by 
organization 6. 
 
4.1.6.6.1.1 Redundant CAD Systems 
  The costs associated with CAD system redundancy (i.e., maintaining 
more than one unique CAD system) include licensing costs, productivity costs, 
training costs, and IT support costs.  Organization 6 presented an opportunity for 
the researcher to analyze the costs incurred by an organization that maintains a 
small number of unique CAD systems for product development. 
 
4.1.6.6.1.1.1 Licensing Costs 
Participant 7 reported that the organization maintains 2 unique CAD 
systems, CATIA V4 and V5, with more than 5,000 licenses available.  Participant 
7 reported licenses cost approximately $35,000.00 to $50,000.00 per footprint, 







4.1.6.6.1.1.2 Productivity Costs 
Participant 7 reported that 3,000 employees perform CAD activities at the 
organization, resulting in more than 100,000,000 employee labor hours logged in 
CAD activities.  Participant 7 estimated that burdened wage rates for employees 
who perform CAD activities range from $85.00 to $100.00 per hour, and noted 
that the organizational role/title of those employees who perform CAD activities is 
“Design Engineer”. 
 
4.1.6.6.1.1.3 Training Costs 
Participant 7 reported that 3,000 employees must be trained to use CAD 
systems each year, and that each of those employees completes 16 to 100 hours 
of CAD training.  Participant 7 estimated burdened wage rates for employees 
who participate in CAD training may range from $85.00 to $100.00 per hour.  
Participant 7 estimated that CAD training fees range from $366.67 to $2,291.67 
per employee, and noted that the organizational role/title of those employees 
who participate in CAD training is “Design Engineer”. 
 
4.1.6.6.1.1.4 IT Support Costs 
Participant 7 reported that 45 employees perform IT support activities at 
the organization, resulting in 31,200 employee labor hours logged in IT support 
activities.  Participant 7 estimated that burdened wage rates for employees who 
perform IT support range from $85.00 to $100.00 per hour.  Participant 7 was 




activities, but noted that the organizational role/title of those employees who 
perform CAD activities is “Engineering”, “IT developer”, “DBA”, or “Administrator”. 
 
4.1.6.6.1.2 Data Translators 
The costs associated with data translators (i.e., the file format conversion 
software necessary to adapt digital product data designed in one CAD system for 
use in a different CAD system) include licensing costs, productivity costs, training 
costs, and outsourcing costs.  Organization 6 presented an opportunity for the 
researcher to analyze the costs incurred by an organization that maintains a 
large number of data translators, given the small number of CAD systems in 
place for product development. 
 
4.1.6.6.1.2.1 Licensing Costs 
Participant 7 reported that the organization maintains 12 data translators, 
with the number of licenses purchased for each translator ranging from 3 to 5.  
Participant 7 estimated that license costs for data translators range from 
$15,000.00 to $40,000.00 per license, but was unable to disclose the discount 
rates for the purchase of licenses. 
 
4.1.6.6.1.2.2 Productivity Costs 
Participant 7 reported that 3 employees perform data translation activities 
at the organization, resulting in 6,240 employee labor hours logged in data 




employees who perform data translation range from $85.00 to $100.00 per hour.  
Participant 7 was unable to provide an estimate of the cost of materials used for 
data translation activities, but noted that the organizational role/title of those 
employees who perform data translation activities is “Design Engineer”. 
 
4.1.6.6.1.2.3 Training Costs 
Participant 7 reported that 10 employees must be trained to perform data 
translation activities at the organization, and that each employee completes 24 to 
40 data translation training hours each year.  Participant 7 estimated that 
burdened wage rates for employees who participate in data translation training 
range from $85.00 to $100.00 per hour.  Participant 7 reported data translation 
training fees at $500.00 per employee, and noted that the organizational role/title 
of those employees who participate in data translation training is “Design 
Engineer”. 
 
4.1.6.6.1.2.4 Outsourcing Costs 
Participant 7 reported that the organization maintains 0 contracts for data 
translation outsourcing. 
 
4.1.6.6.1.3 Research & Development 
Participant 7 reported that 2,000 employees participate in research and 
development activities at the organization, resulting in 3,600,000 employee labor 




that burdened wage rates for those employees who participate in research and 
development activities range from $85.00 to $100.00 per hour.  Participant 7 was 
unable to estimate the cost of materials used for research and development, but 
noted that the organizational role/title of those employees who perform research 
and development activities is “Structural Engineer”, “Stress Engineer”, or 
“Manufacturing Engineer”. 
 
4.1.6.6.1.4 Process Management 
Participant 7 estimated that 30 employees participate in process 
management activities at the organization, but was unable to provide an estimate 
regarding the number of employee labor hours logged in process management 
activities.  Participant 7 estimated that burdened hourly wage rate paid to those 
employees who perform process management activities range from $85.00 
$100.00 per hour.  Participant 7 was unable to provide an estimate regarding the 
cost of materials used for process management activities. 
 
4.1.6.6.2 Mitigation Costs 
The following is a discussion of the mitigation costs incurred by 
organization 6. 
 
4.1.6.6.2.1 Manual Data Re-Entry 
Participant 7 reported that 1000 employees perform manual data re-entry 




number of employee labor hours logged in manual data re-entry activities.  
Participant 7 reported that the burdened hourly wage rate for those employees 
who perform manual data re-entry ranges from $50.00 $100.00 per hour.  
Participant 7 was unable to estimate the cost of materials used for manual data 
re-entry activities, but noted that the organizational role/title of those employees 
who perform manual data re-entry activities is “NC programmer” “Designer”, or 
“Planner”. 
 
4.1.6.6.2.2 Design Verification 
Participant 7 reported that 250 to 400 employees perform design 
verification activities at the organization, but was unable to estimate the number 
of employee labor hours logged in design verification activities.  Participant 7 
estimated that the burdened hourly wage rate paid to those employees who 
perform design verification ranges from $85.00 to $100.00 per hour.  Participant 
7 was unable to estimate the cost of materials used for design verification, but 
noted that the organizational role/title of those employees who perform design 
verification activities is “NC programmer”, “Engineer”, “Manufacturing Engineer” 
or “Planner”. 
 
4.1.6.6.2.3 Design Re-Work 
Participant 7 reported that 200 to 500 employees participate in design re-
work activities at the organization, but was unable to estimate the number of 




that the burdened hourly wage rate for those employees who perform design re-
work ranges from $85.00 to $100.00 per hour.  Participant 7 was unable to 
estimate the cost of materials used for design re-work activities, but noted that 
the organizational role/title of those employees who perform design re-work 
activities is “Engineer”, “Manufacturing Engineer”, or “NC programmer”. 
 
4.1.6.6.2.4 Information Request Management 
Participant 7 reported that 632employees perform information request 
management activities at the organization, but was unable to estimate the 
number of employee labor hours logged in information request management 
activities.  Participant 7 estimated that the burdened hourly wage rate paid to 
those employees who perform design re-work ranges from $85.00 to $125.00 per 
hour.  Participant 7 was unable to estimate the cost of materials used for 
information request management, but noted that the organizational role/title of 
those employees who perform information request management activities is 
“Engineer”, “Data Management”, “Information Technology (IT)”, “Tooling”, 
“Manufacturing Engineer”, or “Manufacturing”. 
 
4.1.6.6.2.5 Production Re-Work 
Participant 7 reported that 500 employees perform production activities at 
the organization, resulting in 160 to 300 employee labor hours logged in 
production re-work activities.  Participant 7 estimated that the burdened hourly 




$50.00 to $75.00 per hour.  Participant 7 was unable to estimate the cost of 
scrapped construction materials created by production re-work activities, but 
noted that the organizational role/title of those employees who perform 




Inadequate interoperability cost estimate ranges for organization 6 were 
computed in two manners.  First, the analysis tool was used to calculate high and 
low cost estimates utilizing only the cost factor components for which the 
participant was able to provide specific values.  Next, the analysis tool was used 
to calculate high and low cost estimates utilizing the data the participant was able 
to provide, estimated values provided by the participant, and default values 
developed by the researcher.  This resulted in two ranges of inadequate 
interoperability cost estimates. 
 
4.1.6.6.3.1 Avoidance Costs 
Figure 4.15 illustrates the percentages of the low and high estimates of 
avoidance costs at organization 6 that each cost component accounts for.  The 
two upper bars represent the high and low estimates of avoidance costs 
generated using only participant data (P), while the two lower bars represent the 
high and low estimates of avoidance costs generated using participant data and 





Figure 4.15 – Organization 6 – Avoidance Costs Distribution 
 
4.1.6.6.3.1.1 Participant Data Estimates 
Utilizing participant data, the analysis tool reported $350,000,000.00 to 
$500,000,000.00 in licensing costs for redundant CAD systems.  Similarly, the 
analysis tool estimated that productivity costs for redundant CAD systems range 
from $8,500,000.00 to $10,000,000.00.  Training costs for redundant CAD 
systems were estimated to range from $5,180,010.00 to $36,875,010.00.  IT 
support costs for redundant CAD systems were estimated to range from 
$2,652,000.00 to $3,120,000.00.  The cost of redundant CAD systems, provided 
by calculating the sum of these factors, was estimated to range from 
$366,332,010.00 to $549,995,010.00. 
Because the participant was unable to provide cost values regarding the 




outsourcing costs for data translators.  However, utilizing participant data, the 
analysis tool estimated that licensing costs for data translators range from 
$540,000.00 to $2,400,000.00. Productivity costs for data translators were 
estimated to range from $530,400.00 to $624,000.00.  Training costs for data 
translators were estimated to range from $25,400.00 to $45,000.00.  As such, the 
analysis tool reported that the cost of data translators range from $1,095,800.00 
to $3,069,000.00. 
Because the participant was unable to disclose or provide cost values 
regarding any of the cost factors of process management, the analysis tool 
reported $0.00 in costs due to process management.  However, utilizing 
participant data, the analysis tool reported $306,000,000.00 to $360,000,000.00 
in costs due to research and development. 
Based upon the data provided by the participant, the analysis tool 
estimated that the avoidance costs of inadequate interoperability range from 
$673,427,810.00 to $913,064,010.00.   
 
4.1.6.6.3.1.2 Participant Data + Default Values Estimates 
 In order to develop an estimate of the licensing costs incurred as a result 
of redundant CAD systems, the researcher utilized licensing cost default values 
in lieu of participant responses.  Utilizing this combination of participant data and 
default values, the analysis tool estimated that licensing costs for redundant CAD 
systems range from $350,000,000.00 to $500,000,000.00.  The analysis tool 




$8,500,000.00 to $10,000,000.00.  The analysis tool estimated that training costs 
for redundant CAD systems range from $5,180,000.00 to $36,875,010.00.  IT 
support costs for redundant CAD systems were estimated to range from 
$2,652,000.00 to $3,120,000.00.  Utilizing the combination of participant data 
and default cost factors, the cost of redundant CAD systems, provided by 
calculating the sum of these factors, was estimated to range from 
$366,332,010.00 to $549,995,010.00. 
Because the participant was unable to disclose or provide cost values 
regarding the cost of data translation outsourcing, the analysis tool reported 
$0.00 outsourcing costs for data translation.  However, utilizing participant data, 
the analysis tool estimated that licensing costs for data translators range from 
$540,000.00 to $2,400,000.00.  Productivity costs for data translators were 
estimated to range from $530,400.00 to $624,000.00.  Training costs for data 
translators were estimated to range from $25,400.00 and $45,000.00.  Utilizing 
the combination of participant data and default cost factors, the cost of data 
translators, provided by calculating the sum of these factors, was estimated to 
range from $1,095,800.00 to $3,069,000.00. 
Utilizing participant data and default values, the analysis tool reported that 
the costs due to research and development and process management ranged 





Based upon the data provided by the participant, the analysis tool 
estimated that the avoidance costs of inadequate interoperability range from 
$673,958,210.00 to $919,304,010.00.   
 
4.1.6.6.3.2 Mitigation Costs 
Figure 4.16 illustrates the percentages of the low and high estimates of 
mitigation costs at organization 6 that each cost component accounts for.  The 
two upper bars represent the high and low estimates of mitigation costs 
generated using only participant data (P), while the two lower bars represent the 
high and low estimates of mitigation costs generated using participant data and 
default values (P+D). 
 
 




4.1.6.6.3.2.1 Participant Data Estimates 
Because the participant was unable to provide estimates regarding the 
number of employee labor hours logged in many of the categories of mitigation 
activities, the analysis tool reported $0.00 in cost due to manual data re-entry, 
design verification, design re-work, and information request management.  
However, utilizing participant data, the analysis tool reported $8,000.00 to 
$22,500.00 in costs due to production re-work.   Based upon the data provided 
by the participant, the analysis tool reported $8,000.00 to $22,500.00 in 
mitigation costs.   
 
4.1.6.6.3.2.2 Participant Data + Default Values Estimates 
Utilizing participant data, the analysis tool reported a range of 
$104,000,000.00 to $208,000,000 in costs due to manual data re-entry.  Design 
verification costs were estimated to range from $44,200,000.00 to $52,000,000.  
Design re-work costs were estimated to range from $35,360,000.00 to 
$41,600,000.00.  Information request management costs were estimated to 
range from $111,737,600.00 to $164,320,000.00.  The analysis tool reported a 
range of $8,000.00 to $22,500.00 in production re-work costs.  Based upon the 
data provided by the participant, the analysis tool reported $295,305,600.00 to 







4.1.6.6.3.3 Total Inadequate Interoperability Costs 
Figure 4.17 illustrates the percentages of the low and high estimates of 
the total costs of inadequate interoperability at organization 6 that each cost 
category accounts for.  The two upper bars represent the high and low estimates 
of inadequate interoperability costs generated using only participant data (P), 
while the two lower bars represent the high and low estimates of inadequate 
interoperability costs generated using participant data and default values (P+D). 
 
 








4.1.6.6.3.3.1 Participant Data Estimates 
Utilizing the estimated ranges of avoidance and mitigation costs, the 
analysis tool estimated that the total organizational cost of inadequate 
interoperability at organization 6 ranged from $673,435,810.00 to 
$913,086,510.00.   
 
4.1.6.6.3.3.2 Participant Data + Default Values Estimates 
Utilizing the estimated ranges of avoidance and mitigation costs and the 
default values developed by the researcher, the analysis tool estimated that the 
total organizational cost of inadequate interoperability at organization 6 ranged 
from $969,263,810.00 to $1,385,246,510.00.   
 
4.1.6.7 Industrial Average 
This section reports the average costs incurred within the industrial 
sample that was assessed during this research study.  The average industrial 
costs are calculated by averaging each of the individual cost components of 
avoidance and mitigation costs.  These average cost estimates are then 
combined to provide average industrial avoidance and mitigation cost estimates.  
Finally, the average industrial avoidance and mitigation cost estimates are 







4.1.6.7.1 Avoidance Costs 
The following is a discussion of the average avoidance costs incurred by 
the industrial sample.  The components of avoidance costs include redundant 
CAD systems, data translators, research and development, and process 
management.  Figure 4.18 illustrates the percentages of the low and high 
estimates of the average industrial cost of avoidance that each cost component 
accounts for.  The two upper bars represent the high and low estimates of the 
average industrial cost of avoidance generated using only participant data (P), 
while the two lower bars represent the high and low estimates of the average 








4.1.6.7.1.1 Participant Data Estimates 
Based upon the data provided by participating organizations, the analysis 
tool reported that industrial redundant CAD system costs, on average, range 
from $878,555,418.33 to $1,135,066,201.67.  Industrial data translator costs, on 
average, are reported to range from $586,666.67 to $1,135,366.67.  Industrial 
research and development costs, on average, are reported to range from 
$88,966,666.67.00 to $102,133,333.33.  Finally, industrial process management 
costs, on average, are reported to range from $2,323,000.00 to $2,323,333.33.  
Utilizing these estimates, the analysis tool reported that the average industrial 
cost of avoidance ranges from $970,431,751.67 to $1,240.658.235.00.   
 
4.1.6.7.1.2 Participant Data + Default Values Estimates 
Based upon the data provided by participating organizations and the 
default values developed by the researcher, the analysis tool reported that 
industrial redundant CAD system costs, on average, range from 
$1,277,758,147.13 to $1,515,588,948.97.  Industrial data translator costs, on 
average, are reported to range from $1,274,840.32 to $1,697,053.60.  Industrial 
research and development costs, on average, are reported to range from 
$229,923,500.00 to $245,194,000.00.  Finally, industrial process management 
costs, on average, are reported to range from $6,970,500.00 to $9,442,133.33.  
Utilizing these estimates, the analysis tool reported that the average industrial 





4.1.6.7.2 Mitigation Costs 
The following is a discussion of the average mitigation costs incurred by 
the industrial sample.  The components of mitigation costs include manual data 
re-entry, design verification, design re-work, information request management, 
and production re-work.  Figure 4.19 illustrates the percentages of the low and 
high estimates of the average industrial cost of mitigation that each cost 
component accounts for.  The two upper bars represent the high and low 
estimates of the average industrial cost of mitigation generated using only 
participant data (P), while the two lower bars represent the high and low 
estimates of the average industrial cost of mitigation generated using participant 
data and default values (P+D). 
 
 




4.1.6.7.2.1 Participant Data Estimates 
Based upon the data provided by participating organizations, the analysis 
tool reported industrial manual data re-entry costs, on average, at $4,478,750.00.  
Industrial design verification costs, on average, are reported to range from 
$11,285,666.67 to $15,452,333.33.  Industrial design re-work costs, on average, 
are reported at $11,512,916.67.  Industrial information request management 
costs, on average, are reported at $31,880,000.00.  Finally, industrial production 
re-work costs, on average, are reported to range from $781,333.33 to 
$783,750.00.  Utilizing these estimates, the analysis tool reported that the 
average industrial cost of mitigation ranges from $59,938,666.67 to 
$64,107,750.00.  Figure 4.51 illustrates the percentage of the average mitigation 
cost low estimate that each cost component of mitigation costs accounts for.  
Similarly, Figure 4.52 illustrates the percentage of the average mitigation cost 
high estimate that each cost component of mitigation costs accounts for. 
 
4.1.6.7.2.2 Participant Data + Default Values Estimates 
Based upon the data provided by participating organizations and the 
default values developed by the researcher, the analysis tool reported that 
industrial manual data re-entry costs, on average, range from $36,953,530.00 to 
$54,638,990.00.  Industrial design verification costs, on average, are reported to 
range from $19,708,713.33 to $26,936,013.33.  Industrial design re-work costs, 
on average, are reported to range from $42,759,370.00 to $74,786,516.67.  




range from $50,502,933.33 to $58,933,333.33.  Finally, industrial production re-
work costs, on average, are reported to range from $781,333.33 to $783,750.00.  
Utilizing these estimates, the analysis tool reported that the average industrial 
cost of mitigation ranges from $150,705,880.00 to $216,078,603.33.  Figure 4.53 
illustrates the percentage of the average mitigation cost low estimate that each 
cost component of mitigation costs accounts for.  Similarly, Figure 4.54 illustrates 
the percentage of the average mitigation cost high estimate that each cost 
component of mitigation costs accounts for. 
 
4.1.6.7.3 Total Organizational Inadequate Interoperability Costs 
The following is a discussion of the average total organizational 
inadequate interoperability costs incurred by the industrial sample.  The 
components of the total organizational cost of inadequate interoperability are 
avoidance costs and mitigation costs.  Figure 4.20 illustrates the percentages of 
the low and high estimates of the average industrial cost of inadequate 
interoperability that each cost category accounts for.  The two upper bars 
represent the high and low estimates of the average industrial cost of inadequate 
interoperability generated using only participant data (P), while the two lower 
bars represent the high and low estimates of the average industrial cost of 







Figure 4.20 – Industrial Average – Inadequate Interoperability Costs 
Distribution 
 
4.1.6.7.3.1 Participant Data Estimates 
Utilizing participant data, the analysis tool reported that the average 
industrial cost of avoidance ranges from $970,431,751.67 to $1,240,658,235.00.  
Similarly, the analysis tool reported that the average industrial cost of mitigation 
ranges from $59,938,666.67 to $64,107,750.00.  Based upon these estimates, 
the analysis tool reported that the total organizational cost of inadequate 
interoperability, on average, ranges from $1,030,370,418.33 to 
$1,304,765,985.00.  Figure 4.55 illustrates the percentage of the average overall 
inadequate interoperability cost low estimate that avoidance and mitigation costs 




overall inadequate interoperability cost high estimate that avoidance and 
mitigation costs account for. 
 
4.1.6.7.3.2 Participant Data + Default Values Estimates 
Utilizing participant data and the default values developed by the 
researcher, the analysis tool reported that the average industrial cost of 
avoidance ranges from $1,515,926,987.45 to $1,771,922,135.90.  Similarly, the 
analysis tool reported that the average industrial cost of mitigation ranges from 
$150,705,880.00 to $216,078,603.33.  Based upon these estimates, the analysis 
tool reported that the total organizational cost of inadequate interoperability, on 
average, ranges from $1,666,632,867.45 to $1,988,000,739.23.  Figure 4.57 
illustrates the percentage of the average overall inadequate interoperability cost 
low estimate that avoidance and mitigation costs account for.  Similarly, Figure 
4.58 illustrates the percentage of the average overall inadequate interoperability 
cost high estimate that avoidance and mitigation costs account for. 
 
4.2 Chapter Summary 
This chapter has detailed the preparations made for the survey process, 
the respondents who participated, and the results of the survey conducted in 








CHAPTER 5. UTILIZATION OF THE COST METRIC 
 
The cost metric developed and used for the analysis of cost data in this 
study takes the form of a Microsoft Excel spreadsheet.  This spreadsheet is 
designed to collect the necessary cost data from the users, and then compute an 
estimate of the total organizational cost of inadequate interoperability.  This 
chapter details the use of the analysis tool using data provided by participants of 
the study and default values developed by the researcher. 
 
5.1 Avoidance Costs 
Avoidance costs are those costs incurred in an effort to ensure 
interoperability and prevent inadequate interoperability problems.  Avoidance 
costs include those cost factors related to redundant CAD systems, data 
translators, research and development, and process management. 
 
5.1.1 Redundant CAD Systems 
The costs associated with CAD system redundancy (i.e., maintaining more 
than one unique CAD system) include licensing costs, productivity costs, training 




5.1.1.1 Licensing Costs 
CAD licensing costs are composed of 4 basic factors: the number of 
unique CAD systems maintained by the organization, the number of licenses 
maintained for each unique CAD system, the cost of a single license for each 
unique CAD system, and the discount rate the organization receives for the 
purchase of licenses for each unique CAD system.   
As illustrated by Figure 5.1, the analysis tool provides multiple columns for 
data input regarding CAD licensing for those organizations that maintain more 
than one unique CAD system.  For this example, the user reports 3 unique CAD 
systems.  The organization maintains 30 licenses for the first system, 400 
licenses for the second system, and 225 licenses for the third system.  The user 
reports that the organization pays $3,000.00 per license for the first system, 
$15,000.00 per license for the second system, and $18,000.00 per license for the 
third system.  Finally, the user reports that the organization receives a discount 
rate of 51% for the purchase of licenses for each system. 
 
 
Figure 5.1 CAD Licensing Costs 
 
The analysis tool utilizes the values provided by the user in order to 




analysis tool multiplies the cost per license for each CAD system by the number 
of licenses maintained for the corresponding CAD system.  This value represents 
the total cost of licensing before discount for each CAD system.  Next, the 
analysis tool multiplies the total cost of licensing before discount by the discount 
percentage that the organization receives for the purchase of licenses for that 
CAD system.  This value represents the discounted cost.  The analysis tool then 
subtracts the discounted cost from the total cost of licensing before discount for 
each CAD system.  This value represents the actual cost of licensing for each 
CAD system.  Finally, the analysis tool computes the sum of the actual costs for 
each unique CAD system.  The combined value of the actual costs for each 
unique CAD system represents the total estimated CAD licensing cost for the 
organization.  This value will be reflected on the results sheet for final 
calculations. 
 
5.1.1.2 Productivity Costs 
CAD productivity costs are composed of 2 basic factors: the number of 
employee labor hours dedicated to the operation of CAD systems and the hourly 
wage rate of those employees who operate CAD systems. 
As illustrated by Figure 5.2, the user reports that 1,950,000 employee 
labor hours are logged for CAD system operation at the organization.  Next, the 
user reports that the hourly wage paid to those employees who operate CAD 





Figure 5.2 CAD Productivity Costs 
 
The analysis tool utilizes the values provided by the user in order to 
provide an estimate of the productivity costs of redundant CAD systems.  The 
analysis tool multiplies the number of employee labor hours dedicated to the 
operation of CAD systems by the hourly wage rate paid to those employees who 
operate CAD systems.  This value represents the total cost of productivity for 
CAD operation activities.  This value will be reflected on the results sheet for final 
calculations.   
 
5.1.1.3 Training Costs 
CAD training costs are composed of 4 basic factors: the number of 
employees who must be trained to operate CAD systems, the number of labor 
hours that each employee dedicates to CAD training, the hourly wage rate of 
those employees who must be complete CAD system training, and the cost any 
training fees that apply for each employee who participates in CAD system 
training. 
As illustrated by Figure 5.3, the user reports that 1500 employees must be 
trained to operate CAD systems.  The user also reports that each employee 




employees who participate in CAD training is $80.00.  Finally, the user reports 
that the organization pays a $2,000.00 fee per employee for CAD training.   
 
 
Figure 5.3 CAD Training Costs 
 
The analysis tool utilizes the values provided by the user in order to 
provide an estimate of the training costs of redundant CAD systems.  First, the 
analysis tool multiplies the number of employees that participate in CAD training 
by the number of labor hours that each employee dedicates to CAD training.  
This value represents the total number of employee labor hours dedicated to 
CAD training.  Next, the analysis tool multiplies the total number of employee 
labor hours dedicated to CAD training by the hourly wage paid to those 
employees who participate in CAD training.  This value represents the variable 
cost of CAD training.  Next, the analysis tool multiplies number of employees that 
participate in CAD training by the cost of the training fees that apply for each 
employee.  This value represents the fixed cost of CAD training.  Finally, the 
analysis tool computes the sum of the variable costs and fixed costs of CAD 
training.  The combined value of the variable and fixed costs of CAD training 
represents the total estimated CAD training cost for the organization.  This value 




5.1.1.4 IT Support Costs 
IT support costs are composed of 3 basic factors: the number of employee 
labor hours that are dedicated to IT support activities for CAD systems, the 
hourly wage rate of those employees who perform IT support for CAD systems, 
and the cost of any materials used for IT support. 
As illustrated by Figure 5.4, the user reports that 25 employees perform IT 
support activities at the organization.  The user also reports that 52,000 
employee labor hours are dedicated to IT support activities, and that the hourly 
wage paid to those employees who perform IT support activities is $65.00.  
Finally, the user reports $42,500,000.00 additional cost in materials used for IT 
support activities.   
 
 
Figure 5.4 CAD IT Support Costs 
 
The analysis tool utilizes the values provided by the user in order to 
provide an estimate of the IT support costs of redundant CAD systems.  First, the 
analysis tool multiplies the number of employee labor hours dedicated to IT 
support activities by the hourly wage paid to those employees who perform IT 
support activities.  This value represents the variable cost of IT support.  Next, 




materials used for IT support activities.  The combined value of the variable costs 
and additional materials costs represents the total estimated IT support cost for 
the organization.  This value will be reflected on the results sheet for final 
calculations. 
 
5.1.2 Data Translators 
The costs associated with data translators (i.e., the file format conversion 
software necessary to adapt digital product data designed in one CAD system for 
use in a different CAD system) include licensing costs, productivity costs, training 
costs, and outsourcing costs. 
 
5.1.2.1 Licensing Costs 
Data translator licensing costs are composed of 4 basic factors: the 
number of unique data translators maintained by the organization, the number of 
licenses maintained for each unique data translator, the cost of a single license 
for each unique data translator, and the discount rate the organization receives 
for the purchase of licenses for each unique data translator. 
As illustrated by Figure 5.5, the analysis tool provides multiple columns for 
data input regarding data translator licensing for those organizations that 
maintain more than one unique data translator.  For this example, the user 
reports 3 unique data translators.  The organization maintains 4 licenses for each 




license for each data translator.  Finally, the user reports that the organization 
receives a discount rate of 53% for the purchase of licenses for each translator. 
 
 
Figure 5.5 Data Translation Licensing Costs 
 
The analysis tool utilizes the values provided by the user in order to 
provide an estimate of the licensing costs of data translators.  First, the analysis 
tool multiplies the cost per license for each data translator by the number of 
licenses maintained for the corresponding data translator.  This value represents 
the total cost of licensing before discount for each data translator.  Next, the 
analysis tool multiplies the total cost of licensing before discount by the discount 
percentage that the organization receives for the purchase of licenses for that 
data translator.  This value represents the discounted cost.  The analysis tool 
then subtracts the discounted cost from the total cost of licensing before discount 
for each data translator.  This value represents the actual cost of licensing for 
each data translator.  Finally, the analysis tool computes the sum of the actual 
costs for each unique data translator.  The combined value of the actual costs for 
each unique data translator represents the total estimated data translator 
licensing cost for the organization.  This value will be reflected on the results 




5.1.2.2 Productivity Costs 
Data translator productivity costs are composed of 2 basic factors: the 
number of employee labor hours dedicated to the operation of CAD systems and 
the hourly wage rate of those employees that operate CAD systems. 
As illustrated by Figure 5.6, the user reports that 36 employees perform 
data translation activities, and that 50,000 employee labor hours are logged for 
data translator operation at the organization.  Next, the user reports that the 
hourly wage paid to those employees who operate CAD systems is $80.00. 
 
 
Figure 5.6 Data Translation Productivity Costs 
 
The analysis tool utilizes the values provided by the user in order to 
provide an estimate of the productivity costs of data translation.  The analysis 
tool multiplies the number of employee labor hours dedicated to the operation of 
data translators by the hourly wage rate paid to those employees who operate 
data translators.  This value represents the total cost of productivity for data 








5.1.2.3 Training Costs 
Data translator training costs are composed of 3 basic factors: the number 
of employees who must be trained to operate data translators, the number of 
labor hours that each employee dedicates to data translator training, and the 
hourly wage rate of those employees who must be complete data translator 
training. 
As illustrated by Figure 5.7, the user reports that 24 employees must be 
trained to operate data translators.  The user also reports that each employee 
completes 8 hours of data translator training, and that the hourly wage paid to 
those employees who participate in data translator training is $80.00. 
 
 
Figure 5.7 Data Translation Training Costs 
 
The analysis tool utilizes the values provided by the user in order to 
provide an estimate of the training costs of data translation.  First, the analysis 
tool multiplies the number of employees that participate in data translation 
training by the number of labor hours that each employee dedicates to data 
translation training.  This value represents the total number of employee labor 
hours dedicated to data translation training.  Next, the analysis tool multiplies the 
total number of employee labor hours dedicated to data translation training by the 




This value represents the total estimated data translation training cost for the 
organization.  This value will be reflected on the results sheet for final 
calculations. 
 
5.1.2.4 Outsourcing Costs 
Data translator outsourcing costs are composed of 3 basic factors: the 
number of data translation contracts maintained, the hourly cost of a contract for 
data translation, and the number of outsourced labor hours budgeted in a data 
translation contract. 
As illustrated by Figure 5.8, the user reports that the organization 
maintains 3 contracts for data translation.  However, the user is unable to provide 
information regarding the hourly cost of data translation contracts and the 
number of outsourced labor hours that are budgeted in data translation contracts.  
For this example, the default value of $81.26 per hour will be used for the hourly 
cost of data translation contracts.  Additionally, for the purposes of this example, 









The analysis tool utilizes the values provided by the user in order to 
provide an estimate of the outsourcing costs of data translation.  First, the 
analysis tool multiplies the number of data translation contracts that the 
organization maintains by the number of outsourced labor hours that are 
budgeted in each data translation contract.  This value represents the total 
number of outsourced labor hours budgeted in data translation contracts.  Next, 
the analysis tool multiplies the total number of outsourced labor hours budgeted 
in data translation contracts by the hourly rate cost for a data translation contract.  
This value represents the total estimated data translation outsourcing cost for the 
organization.  This value will be reflected on the results sheet for final 
calculations.  
 
5.1.3 Research & Development 
Research and development costs are composed of 3 basic factors: the 
number of employee labor hours that are dedicated to research and development 
activities, the hourly wage rate of those employees who perform research and 
development activities, and the cost of any materials used for research and 
development. 
As illustrated by Figure 5.9, the user reports that 1500 employees perform 
research and development activities at the organization.  The user also reports 
that 3,120,000 employee labor hours are dedicated to research and development 
activities, and that the hourly wage paid to those employees who perform 




$25,000,000.00 additional cost in materials used for research and development 
activities.   
 
 
Figure 5.9 Research & Development Costs 
 
The analysis tool utilizes the values provided by the user in order to 
provide an estimate of the research and development costs incurred by the 
organization.  First, the analysis tool multiplies the number of employee labor 
hours dedicated to research and development activities by the hourly wage paid 
to those employees who perform research and development activities.  This 
value represents the variable cost of research and development.  Next, the 
analysis tool adds the variable costs of research and development to the 
additional cost of materials used for research and development activities.  The 
combined value of the variable costs and additional materials costs represents 
the total estimated research and development cost for the organization.  This 
value will be reflected on the results sheet for final calculations. 
 
5.1.4 Process Management 
Process management costs are composed of 3 basic factors: the number 




the hourly wage rate of those employees who perform process management 
activities, and the cost of any materials used for process management. 
As illustrated by Figure 5.10, the user reports that 75 employees perform 
process management activities at the organization.  The user also reports that 
156,000 employee labor hours are dedicated to process management activities, 
and that the hourly wage paid to those employees who perform process 
management activities is $65.00.  Finally, the user reports $0.00 additional cost 
in materials used for process management activities.   
 
 
Figure 5.10 Process Management Costs 
 
The analysis tool utilizes the values provided by the user in order to 
provide an estimate of the process management costs incurred by the 
organization.  First, the analysis tool multiplies the number of employee labor 
hours dedicated to process management activities by the hourly wage paid to 
those employees who perform process management activities.  This value 
represents the variable cost of process management.  Next, the analysis tool 
adds the variable costs of process management to the additional cost of 
materials used for process management activities.  The combined value of the 




process management cost for the organization.  This value will be reflected on 
the results sheet for final calculations. 
 
5.2 Mitigation Costs 
Mitigation costs are those costs incurred in order to correct inadequate 
interoperability problems, and their effects, after they have occurred.  Mitigation 
costs include those cost factors related to manual data re-entry, design 
verification, design re-work, information request management, and production re-
work. 
 
5.2.1 Manual Data Re-Entry 
Manual data re-entry costs are composed of 3 basic factors: the number 
of employee labor hours that are dedicated to manual data re-entry activities, the 
hourly wage rate of those employees who perform manual data re-entry activities, 
and the cost of any materials used for manual data re-entry. 
As illustrated by Figure 5.11, the user reports that 1500 employees 
perform manual data re-entry activities at the organization.  The user also reports 
that 312,000 employee labor hours are dedicated to manual data re-entry 
activities, and that the hourly wage paid to those employees who perform manual 
data re-entry activities is $80.00.  Finally, the user reports $0.00 additional cost in 






Figure 5.11 Manual Data Re-Entry Costs 
 
The analysis tool utilizes the values provided by the user in order to 
provide an estimate of the manual data re-entry costs incurred by the 
organization.  First, the analysis tool multiplies the number of employee labor 
hours dedicated to manual data re-entry activities by the hourly wage paid to 
those employees who perform manual data re-entry activities.  This value 
represents the variable cost of manual data re-entry.  Next, the analysis tool adds 
the variable costs of manual data re-entry to the additional cost of materials used 
for manual data re-entry activities.  The combined value of the variable costs and 
additional materials costs represents the total estimated manual data re-entry 
cost for the organization.  This value will be reflected on the results sheet for final 
calculations. 
 
5.2.2 Design Verification 
Design verification costs are composed of 3 basic factors: the number of 
employee labor hours that are dedicated to design verification activities, the 
hourly wage rate of those employees who perform design verification activities, 




As illustrated by Figure 5.12, the user reports that 200 employees perform 
design verification activities at the organization.  The user also reports that 
416,000 employee labor hours are dedicated to design verification activities, and 
that the hourly wage paid to those employees who perform design verification 
activities is $100.00.  Finally, the user reports $25,000,000.00 additional cost in 
materials used for design verification activities.   
 
 
Figure 5.12 Design Verification Costs 
 
The analysis tool utilizes the values provided by the user in order to 
provide an estimate of the design verification costs incurred by the organization.  
First, the analysis tool multiplies the number of employee labor hours dedicated 
to design verification activities by the hourly wage paid to those employees who 
perform design verification activities.  This value represents the variable cost of 
design verification.  Next, the analysis tool adds the variable costs of design 
verification to the additional cost of materials used for design verification activities.  
The combined value of the variable costs and additional materials costs 
represents the total estimated design verification cost for the organization.  This 





5.2.3 Design Re-Work 
Design re-work costs are composed of 3 basic factors: the number of 
employee labor hours that are dedicated to design re-work activities, the hourly 
wage rate of those employees who perform design re-work activities, and the 
cost of any materials used for design re-work. 
As illustrated by Figure 5.13, the user reports that 400 employees perform 
design re-work activities at the organization.  The user also reports that 832,000 
employee labor hours are dedicated to design re-work activities, and that the 
hourly wage paid to those employees who perform design re-work activities is 
$80.00.  Finally, the user reports $0.00 additional cost in materials used for 
design re-work activities.   
 
 
Figure 5.13 Design Re-Work Costs 
 
The analysis tool utilizes the values provided by the user in order to 
provide an estimate of the design re-work costs incurred by the organization.  
First, the analysis tool multiplies the number of employee labor hours dedicated 
to design re-work activities by the hourly wage paid to those employees who 
perform design re-work activities.  This value represents the variable cost of 




to the additional cost of materials used for design re-work activities.  The 
combined value of the variable costs and additional materials costs represents 
the total estimated design re-work cost for the organization.  This value will be 
reflected on the results sheet for final calculations. 
 
5.2.4 Information Request Management 
Information request management costs are composed of 3 basic factors: 
the number of employee labor hours that are dedicated to information request 
management activities, the hourly wage rate of those employees who perform 
information request management activities, and the cost of any materials used 
for information request management. 
As illustrated by Figure 5.14, the user reports that 25 employees perform 
information request management activities at the organization.  The user also 
reports that 52,000 employee labor hours are dedicated to information request 
management activities.  However, the user is unable to provide information 
regarding the hourly wage paid to employees perform information request 
management activities.  For this example, the default value of $81.26 per hour 
will be used for the hourly wage paid to those employees who perform 
information request management activities.  Finally, the user reports $0.00 






Figure 5.14 Information Request Management Costs 
 
The analysis tool utilizes the values provided by the user in order to 
provide an estimate of the information request management costs incurred by the 
organization.  First, the analysis tool multiplies the number of employee labor 
hours dedicated to information request management activities by the hourly wage 
paid to those employees who perform information request management activities.  
This value represents the variable cost of information request management.  
Next, the analysis tool adds the variable costs of information request 
management to the additional cost of materials used for information request 
management activities.  The combined value of the variable costs and additional 
materials costs represents the total estimated information request management 
cost for the organization.  This value will be reflected on the results sheet for final 
calculations. 
 
5.2.5 Production Re-Work 
Production re-work costs are composed of 3 basic factors: the number of 
employee labor hours that are dedicated to production re-work activities, the 




and the cost of any scrapped construction materials created by production re-
work. 
As illustrated by Figure 5.15, the user reports that 50 employees perform 
production re-work activities at the organization.  The user also reports that 
104,000 employee labor hours are dedicated to production re-work activities, and 
that the hourly wage paid to those employees who perform production re-work 
activities is $80.00.  Finally, the user reports $0.00 additional cost in scrapped 
construction materials created by production re-work activities.   
 
 
Figure 5.15 Production Re-Work Costs 
 
The analysis tool utilizes the values provided by the user in order to 
provide an estimate of the production re-work costs incurred by the organization.  
First, the analysis tool multiplies the number of employee labor hours dedicated 
to production re-work activities by the hourly wage paid to those employees who 
perform production re-work activities.  This value represents the variable cost of 
production re-work.  Next, the analysis tool adds the variable costs of production 
re-work to the additional cost of scrapped construction materials created by 
production re-work activities.  The combined value of the variable costs and 




production re-work cost for the organization.  This value will be reflected on the 
results sheet for final calculations. 
 
5.3 Results 
Upon completion of the avoidance and mitigation cost collection sheets, 
the user should proceed to the results sheet to view the cost estimates generated 
by the analysis tool.  The results sheet provides an estimate for the total 
organizational cost of inadequate interoperability, in addition to a breakdown of 
the cost estimates for avoidance and mitigation costs and their various 
components. 
The first section of the results sheet provides cost estimates for avoidance 
costs and its components (i.e., redundant CAD systems, data translators, 
research and development, process management).  Further, the analysis tool 
provides cost estimates for the primary factors of redundant CAD systems (i.e., 
licensing costs, productivity costs, training costs, and IT support costs) and data 
translators (i.e., licensing costs, productivity costs, training costs, and 
outsourcing costs), as calculated utilizing the values provided by users in the 





Figure 5.16 Avoidance Cost Results 
 
As illustrated by Figure 5.16, the analysis tool reports $4,968,600.00 in 
CAD licensing costs, $156,000,000.00 in CAD productivity costs, $12,600,000.00 
in CAD training costs, and $45,880,000.00 in CAD IT support costs.  The 
analysis tool calculates the sum of these numbers and reports a total of 




analysis tool reports $56,400.00 in data translation licensing costs, 
$4,000,000.00 in data translation productivity costs, $15,360.00 in data 
translation training costs, and $36,567.00 in data translation outsourcing costs.  
The analysis tool calculates the sum of these numbers and reports a total of 
$4,108,327.00 in costs attributed to data translation.  Additionally, the analysis 
tool reports cost estimates of $227,800,000.00 in research and development 
costs and $10,140,000.00 in process management costs.  In order to provide an 
estimate of the avoidance costs incurred by the organization, the analysis tool 
calculates the sum of the cost estimates for redundant CAD systems, data 
translators, research and development, and process management.  The analysis 
tool reports an estimated $461,496,927.00 in avoidance costs. 
The second section of the results sheet provides cost estimates for 
mitigation costs and its components (i.e., manual data re-entry, design 







Figure 5.17 Mitigation Costs Results 
 
As illustrated by Figure 5.17, the analysis tool reports $24,960.000.00 in 
manual data re-entry costs, $66,600,000.00 in design verification costs, 




management costs, and $4,680,000.00 in production re-work costs.  In order to 
provide an estimate of the mitigation costs incurred by the organization, the 
analysis tool calculates the sum of the cost estimates for manual data re-entry, 
design verification, design re-work, information request management, and 
production re-work.  The analysis tool reports an estimated $167,025,520.00 in 
mitigation costs. 
Utilizing the estimated costs of avoidance and mitigation, the analysis tool 
is able to provide an estimate of the total organizational cost of inadequate 
interoperability.  In order to provide this estimate, the analysis tool calculates the 
sum of the costs of avoidance and mitigation.  As illustrated by Figure 5.18, the 




Figure 5.18 Total Organizational Cost Results 
 
5.4 Chapter Summary 
This chapter has provided a detailed demonstration of the use of the 
analysis tool, utilizing data provided by participants of the study and default 








CHAPTER 6. DISCUSSION & RECOMMENDATIONS 
This chapter provides a discussion of the characteristics exhibited by 
OEMs in the aerospace and automotive industries regarding the cost categories 
and cost factors of inadequate interoperability, in addition to the conclusions 
drawn from those characteristics.  This chapter also provides recommendation 
for OEMs in the aerospace and automotive industries and for future research in 
this area, as well as the final thoughts of the author.  
 
6.1  Discussion of Aerospace and Automotive OEM Characteristics 
As industry segments, aerospace and automotive were selected because 
the product development (i.e., CAD) data that organizations in these sectors 
exchange is most representative of the notion of model-based definition, wherein 
the CAD model functions as a central repository for all product definition data.  In 
this scenario, effective interoperability in data exchanges is critical. 
 
6.1.1 Avoidance Costs 
Avoidance costs represent the upfront investment made by an 
organization to ensure effective execution of the data exchanges within the 




such, avoidance costs constitute the larger portion of the total organizational cost 
of inadequate interoperability.   
 
6.1.1.1 Redundant CAD Systems 
Just as avoidance costs account for the largest percentage of the overall 
cost of inadequate interoperability, CAD system redundancy accounts for one of 
the largest portions of the avoidance costs incurred by aerospace and 
automotive OEMs, due to the high volume of licenses maintained and the yearly 
licensing costs incurred.  While some portion of this cost is relative to the size of 
the organization, which is likely a determinant of the number of employees 
tasked with CAD activities and the subsequent number of CAD licenses to 
support those employees, it seems extremely likely, based on the data, that the 
expenses related to CAD systems are inflated by the maintenance of multiple 
unique CAD systems.  The costs of IT support efforts also contribute a 
substantial amount to the overall cost of CAD system redundancy.  While CAD 
training costs represent a relatively small percentage of CAD system redundancy 
costs, by comparison with other factors, it accounts for substantial expenditures, 
nonetheless.  However, the most costly factor of redundant CAD systems, by far, 
is CAD system productivity, as a result of the vast number of CAD users, and the 







6.1.1.2 Data Translators 
Compared to some of the other components of avoidance costs, the costs 
associated with data translators are relatively small.  However, they still account 
for large expenses for product development organizations.  The need for and 
costs of data translators increase as the number of unique CAD systems 
maintained by an organization increase.  Therefore, organizations that mandate 
specific languages within their supply chains incur substantially less costs related 
to data translation compared to organizations that maintain more than half a 
dozen CAD systems and all the data translators necessary to move data from 
one to another.  As such, the data translation costs incurred by each organization 
vary more than other components of avoidance and mitigation costs.     
 
6.1.1.3 Research & Development 
Similar to redundant CAD systems, research and development costs 
account for a large portion of avoidance costs.  Aside from the large number of 
employees and employee labor hours logged, the primary contributor to the 
overall cost of research and development is the cost of materials used for 
research and development activities. 
 
6.1.1.4 Process Management 
Process management activities account for a relatively small portion of the 
overall cost of avoidance when compared to the other factors of avoidance costs, 




in process management activities.  Nonetheless, the costs of process 
management amount to a substantial expense for product development 
organizations. 
 
6.1.2 Mitigation Costs 
Mitigation costs represent the additional expenses incurred by an 
organization in order to amend the errors that result from ineffective execution of 
the data exchanges within the organization or between the organization and 
members of its supply chain.  As such, mitigation costs comprise a relatively 
small portion, by comparison with avoidance costs, of the total organizational 
cost of inadequate interoperability.  Nonetheless, mitigation costs represent 
substantial and, arguably, unnecessary expenditures by product development 
organization.  While it may be arguable that some of the costs due to the 
management of information requests are unavoidable, a large portion of 
mitigation costs is a result of activities, such as manual data re-entry, design 
verification, and design and production re-work.  These activities represent costs 
that need not occur if data formats were standardized in a way that eliminated 
the possibility of interoperability errors.  
 
6.1.2.1 Manual Data Re-Entry 
Manual data re-entry accounts for a large portion of the overall cost of 
mitigation, due mainly to the large number of employees who participate in 




difference in cost relative to some other components of mitigation are primarily 
due to the fact that manual data re-entry activities represent a small percentage 
of the duties of those employees who perform them, whereas the employees who 
perform other activities under the mitigation cost umbrella do so on a full-time 
basis.  
 
6.1.2.2 Design Verification 
Design verification accounts for another large portion of the overall cost of 
mitigation.  The magnitude of design verification costs is due in large part to the 
number of employees who perform design verification activities on a full-time 
basis.  However, another primary contributor to the cost of design verification is 
the cost of materials used during the execution of design verification activities. 
 
6.1.2.3 Design Re-Work 
Design re-work accounts for yet another large portion of the overall cost of 
mitigation.  The magnitude of design re-work costs is a result of the large number 
of employees who perform design re-work activities on a full-time basis.  This 
large, full-time work force results in a high number of employee labor hours 








6.1.2.4 Information Request Management 
Based on the data provided by participants, the costs of information 
request management represent the largest component of the overall cost of 
mitigation.  While it could be argued that some portion of these costs are 
unavoidable, as there is always some preparation work necessary for the 
exchange data, a substantial amount of this cost may be eliminated if data 
formats were to be standardized in a way that removes the threat of 
interoperability errors.   
 
6.1.2.5 Production Re-Work  
Production re-work accounts for the smallest portion of the overall cost of 
mitigation, due to a variety of factors.  First, the number of employees who 
perform design re-work activities appears to be small when compared to the 
number of employees who participate in the other activities analyzed as part of 
this study of inadequate interoperability costs.  Additionally, those employees 
receive lower hourly wage rates than the employees who perform any of the 
other analyzed activities.  It is also likely that the magnitude of production re-work 
costs is a result of the cost expenditures in some of the other categories of 
avoidance and mitigation cost.  In theory, an organization that commits 
substantial resources to the maintenance of the necessary data translators, 
design verification and design re-work processes, and process management and 
information request management procedures should experience fewer errors and 




6.2  Conclusions 
Based upon the collected data and subsequent analysis, several 
conclusions can be drawn about the nature of the costs of inadequate 
interoperability in the aerospace and automotive industries.  First, the bulk of the 
inadequate interoperability costs incurred by production development 
organizations in the aerospace and automotive industry take the form of 
avoidance costs.  This initial investment, in research and development, CAD 
systems, the data translators necessary to move data between CAD systems, 
and the management necessary to oversee these processes, is intended to 
reduce the likelihood that inadequate interoperability problems will occur.  In 
theory, the greater the investment made by organizations to ensure 
interoperability, the lesser the costs that result from poor interoperability.  In 
practice, this results in vast expenditures, chief among which is the cost of 
maintaining multiple CAD systems.  Particularly for large organizations that 
employee thousands of individuals to perform CAD activities, the productivity 
costs associated with redundant CAD systems are staggering. 
 Meanwhile, the costs of mitigation activities, while relatively small when 
compared to the costs of avoidance, represent substantial expenditures 
considering the resources dedicated to avoiding them altogether.  Interestingly, a 
large portion of mitigation expenditures occur in the pursuit of design verification, 
design re-work, and manual data re-entry, activities that need not occur if 
effective interoperability were achieved.  If data formats were standardized in 




not all, costs due to mitigation, in addition to a substantial portion of the costs due 
to avoidance, could be eliminated.   
 
6.3  Recommendations for Aerospace and Automotive OEMs 
This research effort yielded recommendations for aerospace and 
automotive OEMs to consider with regard to inadequate interoperability. 
 
6.3.1 Supply Chain Analysis 
The primary goal of this thesis research was to develop and validate an 
inadequate interoperability cost metric.  As such, the data collection effort was 
reasonably narrow in scope, targeting major OEMs in the aerospace and 
automotive industries.  While this provided the data necessary to validate the 
effectiveness of the analysis tool, it paints a limited picture of the costs incurred 
by product development organizations.  After validation, this tool can be 
distributed to product development organizations, like those that participated in 
this study, such that they can conduct internal self-assessments.  However, to 
fully understand the effects of inadequate interoperability, OEMs should conduct 
analyses not only within their organization, but within their supply chain.  Some 
OEMs enforce single language mandates, as described in the review of literature, 
which move the expense of data translation efforts out of the OEM and into the 
suppliers.  So while those expenses don’t appear as separate line items in the 
expense reports of the OEMs, they are likely to appear in the cost of the 




conducts business in a different manner, but in order to fully grasp the costs that 
are incurred due to inadequate interoperability, the analysis must encompass the 
entire supply chain. 
 
6.3.2 Internal Quantification of Vital Cost Factors 
In several cases, the values provided by participants encompassed data 
relative to more than one cost factor or cost category.  For example, at least one 
participant reported the cost factors of design re-work as part of the cost of CAD 
system productivity.  In other cases, the participating organizations tracked the 
cost factors in substantially different manners.  And in some cases, the 
participant organizations reportedly did not track certain cost factors in any way.  
The interoperability cost activities outlined in this research study represent 
distinct product development activities, and in order to provide the most complete 
and accurate cost assessment and estimate possible, the organization must 
track and report each these cost factors separately.   
 
6.3.3  Campaign for Data Standardization 
As discussed in the review of literature, the genesis of the inadequate 
interoperability problem is a combination of an increasing reliance on digital 
product data as a means of communication within and between organizations 
and the multitude of digital product development tools (i.e., CAD) and data 
formats available to product development organizations.  While the number of 




unlikely that standardization of toolsets can be achieved.  CAD vendors market 
their products on the basis of functionality and performance that differentiates 
them from their competitors.  Indeed, this sort of competition drives the 
development of better tools and better prices.  However, data standardization is a 
cause that may be achievable.  Several data format standards exist (e.g., JT, 
STEP, IGES) and garner varying levels of support from the user community.  
Large aerospace and automotive OEMs, like those that participated in this study, 
are some of the largest customers, by volume and by value, of CAD vendors.  As 
such, it is large product development organizations, like those that participated in 
this study, which are in the best position to organize industry around data format 
standardization efforts.  If data standardization can be achieved, many of the cost 
factors of inadequate interoperability identified in this research could be 
minimized or eliminated altogether.  The analysis tool developed and validated 
through this study is intended to bring awareness to the magnitude of the costs of 
inadequate interoperability in order to drive such standardization efforts.  
 
6.4  Recommendations for Future Research 
This research effort yielded several recommendations for future 








6.4.1 Numerical Value Range Options 
In order to gain as much insight as possible regarding the factors of 
inadequate interoperability, the researcher designed the surveys such that 
participants responded in a text entry box.  In this way, participants could 
elaborate, if necessary, on the values they provided.  In some cases, the 
additional information this provided the researcher relative to the nature of data 
exchange at the organization was beneficial.  In other cases, participants were 
not as specific as the researcher would have liked in their answers to the 
questions.  Providing a series of value options or value range options for the 
participants to choose from may help to focus participants on the question and 
value target at hand and eliminate the possibility of vague or ambiguous 
responses. 
 
6.4.2 Mandate Annual Estimates 
The researcher chose to analyze and report the costs of inadequate 
interoperability on an annual basis.  However, some participants chose to 
respond to particular questions on a daily, weekly, or monthly scale.  In order to 
reduce the likelihood of errors introduced via conversions on the researcher’s 
part, an irony that does not escape the author’s attention, participants should be 
encouraged and/or required to answer on an annual scale, whenever possible.  
While this represents some additional effort on the part of participants, it will help 
to ensure the validity of the data if the annual estimates are attained from 




6.4.3 Expanded Default Value Options 
For the purposes of this research study and cost metric, the researcher 
developed default values in order to provide substitutes for critical cost values 
that participants were either unable, based on their role in the organization, or 
unwilling, as a result of organizational policies, to share.  In some cases, these 
default values were critical to the development of cost estimates for the various 
components of inadequate interoperability costs.  However, the researcher was 
unable to identify default values for some factors, such as the number of training 
hours dedicated by each employee to CAD training, the cost of CAD training fees 
that apply to each employee, and the costs of data translator licenses.  Ideally, 
the user that this tool is intended for (i.e., a manager or executive at a product 
development organization) would have no need of these default values, as they 
would be able to complete the assessment using internal data for internal 
purposes.  Regardless, for the purposes of future research studies, the 
development of default values such as these will help to ease the collection, 
analysis, and assessment of participant data.  Also, the addition of those default 
values that were unidentified during this research would allow for re-assessment 
of the organizations that participated in order to develop more accurate cost 
estimates.  
 
6.4.4 Cost Component Descriptions/Examples 
A crucial aspect of this research was the need to account for the 




play, primarily the perspectives of the researcher and the engineers, managers, 
and executives who participated in the study.  Not only are the perspectives of 
the researcher likely to differ from those of the industry participants, but the 
perspectives of the industry participants are likely to differ substantially 
depending upon their role in their respective organization.  As such, the analysis 
tool included instructional documentation that was intended to guide the user 
through the use of the tool, providing explanations as to what data was being 
targeted and how it would be utilized.  In future research efforts, similar 
descriptions and examples of the sort of data the researcher is targeting should 
be included with the surveys that participants complete, so that the participants of 
the study have a clear understanding of the questions they are being asked. 
 
6.4.5 Supply Chain Analysis 
This research represents a small piece of the larger body of research that 
could be undertaken in order to better understand, assess, and address the 
implications of inadequate interoperability with regard to CAD data exchange.  If 
this research, through which the analysis tool is tested and validated, represents 
the first step, the second step is the expansion of the scope of work.  While the 
OEM participants of this study may be the central entities within their supply 
chains, the interoperability struggles and costs that they incur are likely to vary 
significantly from those of their supplies.  In order to fully understand breadth and 




analyses of entire supply chains.  Through a broad analysis of a supply chain, 
the magnitude of inadequate interoperability costs should be clearer 
 
6.4.6 Expanded Industrial Sector Analysis 
The scope of this research encompassed the automotive and aerospace 
sectors.  This delimitation was imposed by the researcher in order to target those 
industries whose notion of the CAD model most closely reflects the idea of 
model-based definition, because it is in that scenario that the effective exchange 
of CAD data is the most crucial to organizational success.  However, CAD data is 
exchanged in all corners of industry and, as such, the broader implications of 
inadequate interoperability would be better understood if analyses of other 
industrial sectors (e.g., industrial equipment, construction, transportation, military) 
were conducted by future researchers.  
 
6.4.7 Investigate Production Downtime Costs 
One potential factor of the costs of inadequate interoperability that did not 
occur to the researcher until late in the study is the cost of production downtime.  
If inadequate interoperability results in design processes that fall behind schedule, 
production processes are likely to follow suit.  If this results in a production line 
that is ready to operate but is unable to begin, then the organization incurs a cost 
due to idle equipment and workforce.  Future researchers should investigate the 





6.4.8 Cost Risk Examination 
This research study assessed the avoidance and mitigation cost 
categories of inadequate interoperability.  However, the third component of 
inadequate interoperability identified by the researcher, cost risk, represents an 
opportunity for future research.  Of particular interest may be inquiry regarding 
the means for quantifying cost risks and the organizational financial implications 
of the cost risks of inadequate interoperability with regard to CAD data 
exchanges in product development organizations. 
 
6.5  Final Thoughts 
The basic notion that provided direction to the approach this thesis took to 
the issue of inadequate interoperability was the idea that in order to address the 
problem, it must first be understood.  The implications of poor interoperability is a 
fairly easy picture to paint, but in order to provide a starting point for the 
development of solutions, the many facets of the problem must first be identified. 
The case study methodology utilized in this thesis allowed the researcher 
to identify the primary factors that drive the cost of inadequate interoperability.  
Identification of the cost factors provided for the development of a cost metric, 
and the collection of cost data from aerospace and automotive organizations 
enabled the validation of that cost metrics. 
  Survey participants’ responses provided valuable data regarding the 
costs that organizations regularly incur in order to ensure interoperability or the 




consisted of numerical values representing factors that ranged from CAD license 
costs and discount rates, to information management labor rates, to scrapped 
production material. 
Cost data provided by participants was used as input for the developed 
cost metric.  Based on the data provided, cost assessments were developed for 
each organization that participated in the study.  These assessments provided 
estimates of components of inadequate interoperability and their individual 
factors.  Analysis of the assessment results allowed for evaluation and 
discussion of the magnitude of each cost factor relative to the overall costs to the 
organizations. 
The ultimate goal of this research effort, through the development and 
validation of the cost metric, was to provide product development organizations 
with a self-assessment tool that can be utilized to analyze the costs incurred in 
order to ensure interoperability or, when necessary, to rectify the consequences 
of inadequate interoperability.  The information attained from such a self-
assessment will allow product development organizations to identify those areas 
that consume the greatest number of resources and exhibit opportunities for cost 
reduction.    
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Appendix A. Contact Form for Survey Participants 
Survey Contact Text (Email) 
 Subject Line: Purdue Interoperability Cost Metrics Research 
 My name is Kyle Sigo, and I am a graduate student under Dr. Nathan 
Hartman at Purdue University. My thesis research involves the 
development of a set of interoperability cost metrics and a framework for 
implementing those metrics within a product development organization. 
The metrics I have developed are designed to address all of the cost 
factors of inadequate interoperability with regards to the exchange of CAD 
data. While my research in this area has a fairly tight scope, the end goal 
of this research effort is to develop a toolset that we may provide to 
organizations so that can conduct their own analyses of the 
interoperability expenses within their organization and supply chain.  
  
I am providing the links to the Qualtrics surveys that I have developed in 
order to assess the cost factors that we have identified through this 
research. Feel free to look at them and verify that the links work for you. 
Here are the links and descriptors: 
 
Avoidance Costs 
Redundant CAD Systems - https://purdue.qualtrics.com/
SE/?SID=SV_dbq6qZG9WvHfg9K 
Data Translators - https://purdue.qualtrics.com/
SE/?SID=SV_d3WBg5d4g3LHqGE 
Research & Development - https://purdue.qualtrics.com/
SE/?SID=SV_cHBniLCbkVj5SQs 






Manual Data Re-Entry - https://purdue.qualtrics.com/
SE/?SID=SV_bIe8suKrXmCq3Zi 
Design Verification - https://purdue.qualtrics.com/
SE/?SID=SV_08wy5tauOdSFYW0 





Information Request Management - https://purdue.qualtrics.com/
SE/?SID=SV_5BAwAM6dy7vXdiI 
Production Re-Work - https://purdue.qualtrics.com/
SE/?SID=SV_0GqDM8c7PHBSUPW 
  
I have given quite a bit of thought to the questions in the surveys, and I’m 
are aware that some of the information I’m asking for represents sensitive 
data that you may not be at liberty to share. In preparation for this 
likelihood, I have included additional questions in the surveys that are 
designed to provide me with alternative means for calculating the cost 
estimates. For example, in anticipation of the likelihood that you will not be 
able to share information relative to the wage rates paid to employees who 
perform certain activities, I have included questions that simply ask for the 
organizational role/title assigned to a person who performs those activities. 
Using non-sensitive information like job titles, I should be able to obtain 
wage rate estimates from sources such as the Bureau of Labor Statistics 
(BLS). As such, if you take a sort of "answer as much as we can" 
approach to completing these surveys, the data that you can provide 
should be very useful to me.  
  
I would like to begin collecting survey data as soon as possible. If you 
have any questions about the research, the surveys, etc., please send me 


























Appendix B. Survey 
Avoidance Costs 
       Redundant CAD Systems 
 Licensing Costs 
1. How many unique CAD systems does the organization maintain? 
2. How many licenses does the organization maintain for each unique 
CAD system? 
3. What is the cost of a license for each unique CAD system? 
4. What discount percentage does the organization receive for the 
purchase of CAD licenses? 
 
Productivity Costs 
5. How many employees perform CAD activities? 
6. How many employee hours are dedicated to CAD activities? 
7. What is the hourly wage for employees performing CAD activities? 




9. How many employees must be trained to use CAD systems? 
10. How many labor hours does each employee dedicate CAD system 
training? 
11. What is the hourly wage for employees training to use CAD 
systems? 
12. What is the organizational role/title of employees training to use 
CAD systems? 
13. What is the cost of any training fees that apply for each employee? 
 
IT Support Costs 
 
14. How many employees perform IT support activities? 
15. How many employee labor hours are dedicated to IT support 
activities? 
16. What is the hourly wage for employees performing IT support 
activities? 









 Licensing Costs 
 
1. How many data translators does the organization maintain? 
2. How many licenses does the organization maintain for each data 
translator? 
3. What is the cost of a license for each data translator? 
4. What discount percentage does the organization receive for the 




5. How many employees perform data translation activities? 
6. How many employee labor hours are dedicated to data translation 
activities? 
7. What is the hourly wage for employees performing data translation 
activities? 





9. How many employees must be trained to use data translators? 
10. How many labor hours does each employee dedicate to data 
translator training? 
11. What is the hourly wage for employees training to use data 
translators? 
12. What is the organizational role/title of employees training to use 
data translators? 




14. How many contracts for data translation activities are maintained? 
15. What is the cost of a contract for data translation activities? 
 
 
Research & Development 
 





17. How many employee labor hours are dedicated to research and 
development activities? 
18. What is the hourly wage for employees performing research and 
development activities? 
19. What is the organizational role/title of employees performing 
research and development activities? 





21. How many employees participate in process management activities? 
22. How many employee labor hours are dedicated to process 
management activities? 
23. What is the hourly wage for employees performing process 
management activities? 
24. What is the organizational role/title of employees performing 
process management activities? 





       Manual Re-Entry 
 
1. How many employees participate in manual data re-entry activities? 
2. How many employee labor hours are dedicated to manual data re-
entry? 
3. What is the hourly wage for employees performing manual data re-
entry activities? 
4. What is the organizational role/title of employees performing 
manual data re-entry activities? 





6. How many employees participate in design verification activities? 
7. How many employee labor hours are dedicated to the verification of 
design information? 
8. What is the hourly wage for employees performing design 
verification activities? 










11. How many employees participate in design re-work activities? 
12. How many employee labor hours are dedicated to re-working 
design files? 
13. What is the hourly wage for employees performing design re-work 
activities? 
14. What is the organizational role/title of employees performing design 
re-work activities? 
15. What is the cost of any materials used for design re-work activities? 
Information Request Management 
 
16. How many employees participate in information request 
management activities? 
17. How many employee labor hours are dedicated to the management 
of information requests? 
18. What is the hourly wage for employees performing information 
request management activities? 
19. What is the organizational role/title of employees performing 
information request management activities? 




21. How many employees participate in production re-work activities? 
22. How many employee labor hours are dedicated to production re-
work? 
23. What is the hourly wage for employees performing production re-
work activities? 
24. What is the organizational role/title of employees performing 
production re-work activities? 
25. What is the cost of any scrapped construction material created by 







Appendix C. Survey Responses – Participant 1 
Avoidance Costs 
Redundant CAD Systems 
1. How many unique CAD systems does the organization maintain?  
Text Response 
Seven different systems are used to do production design work programs 
in the company 
2. How many licenses does the organization maintain for each unique CAD 
system?  
Text Response 
It varies greatly. V4-200, V5-6,000, Solidworks-20, AutoCAD-4,000, 
MasterCAM-20, NX-4,000, ProE-200 
3. What is the cost of a license for each unique CAD system?  
Text Response 
We cannot divuldge license costs outside of the company 
4. What discount percentage does the organization receive for the purchase 
of licenses for each CAD system?  
Text Response 
We cannot divuldge specific license agreements with software vendors 
5. How many employees perform CAD activities?  
Text Response 
30,000 
6. How many employee labor hours are dedicated to CAD activities?  
Text Response 
Literally "millions" each year 
7. What is the hourly wage for employees performing CAD activities?  
Text Response 




8. What is the organizational role/title of employees performing CAD 
activities?  
Text Response 
It varies greatly, as CAD work extends all across our Enterprise. From 
using CAD software to do shipping container design, to Engineering 
analysis, preliminary design work, tool engineering, product design, 
simulation, etc. So there are probably a hundred different organizational 
roles/titles.  
9. How many employees must be trained to use CAD systems?  
Text Response 
Hundreds each year 
10. How many labor hours does each employee dedicate to CAD system 
training?  
Text Response 
A educated guess would be between 80-120 hours 
11. What is the hourly wage for employees training to use CAD systems?  
Text Response 
Cannot divuldge 
12. What is the organizational role/title of employees training to use CAD 
systems?  
Text Response 
Same answer as previous questions - likely hundreds.  
13. What is the cost of any training fees that apply for each employee?  
Text Response 
Cannot divuldge internal training costs 








15. How many employee labor hours are dedicated to IT support activities?  
Text Response 
Over Ten Million hours per year 
16. What is the hourly wage for employees performing IT support activities?  
Text Response 
Cannot divuldge internal hourly wage rates 
17. What is the organizational role/title of employees performing IT support 
activities?  
Text Response 
Information Technology  
18. What is the cost of any materials used for IT support activities?  
Text Response 
In the $$ Millions 
 
Data Translators 
1. How many data translators does the organization maintain?  
Text Response 
Over a dozen 
2. How many licenses does the organization maintain for each data 
translator?  
Text Response 
Varies greatly - sometimes just one, other translators we have 2-10. 
3. What is the cost of a license for each data translator?  
Text Response 
Cannot divuldge internal license costs 
4. What discount does the organization receive for the purchase of data 
translator licenses?  
Text Response 





5. How many employees perform data translation activities?  
Text Response 
3 dozen do it as a part of their daily job in the IT organization. Data 
translation activities occur throughout the company as well, for example 
an Engineer needs to convert a V4 model to V5, they may just do it 
themselves.  
6. How many employee labor hours are dedicated to data translation 
activities?  
Text Response 
At least 50,000 hours just in the IT organization 
7. What is the hourly wage for employees performing data translation 
activities?  
Text Response 
Cannot divuldge internal wage rates 
8. What is the organizational role/title of employees performing data 
translation activities?  
Text Response 
Information Technology  
9. How many employees must be trained to use data translators?  
Text Response 
Several dozen 
10. How many labor hours does each employee dedicate to data translator 
training?  
Text Response 
Mostly on the job training - no classroom hours 
11. What is the hourly wage for employees training to use data translators?  
Text Response 










13. What is the cost of any training fees that apply for each employee?  
Text Response 
Not applicable 
14. How many contracts for data translation activities are maintained?  
Text Response 
At any given time, probably 1-6. 
15. What is the cost of a contract for data translation activities?  
Text Response 
Cannot divulge internal costs 
 
Research & Development 
1. How many employees participate in research and development activities?  
Text Response 
Over 4.000 
2. How many employee labor hours are dedicated to research and 
development activities?  
Text Response 
Do not have enough data to answer any more of the R&D questions.  
3. What is the hourly wage for employees performing research and 









4. What is the organizational role/title of employees performing research and 
development activities?  
Text Response 
- 






1. How many employees participate in process management activities?  
Text Response 
Do not have enough data to answer these questions on process 
management 








4. What is the organizational role/title of employees performing process 
management activities?  
Text Response 
- 








Manual Data Re-Entry 
1. How many employees participate in manual data re-entry activities?  
Text Response 
Hundreds 








4. What is the organizational role/title of employees performing manual data 
re-entry activities?  
Text Response 
- 





1. How many employees participate in design verification activities?  
Text Response 







2. How many employee labor hours are dedicated to the verification of 
design information?  
Text Response 
- 




4. What is the organizational role/title of employees performing design 
verification activities?  
Text Response 
- 





1. How many employees participate in design re-work activities?  
Text Response 
Same answer as the others - no way to quantify 
2. How many employee labor hours are dedicated to re-working design files?  
Text Response 
- 









4. What is the organizational role/title of employees performing design re-
work activities?  
Text Response 
- 




Information Request Management 
1. How many employees participate in information request management 
activities?  
Text Response 
Same answer as the others - no way to quantify 
2. How many employee labor hours are dedicated to the management of 
information requests?  
Text Response 
- 
3. What is the hourly wage for employees performing information request 
management activities?  
Text Response 
- 
4. What is the organizational role/title of employees performing information 
request management activities?  
Text Response 
- 
5. What is the cost of any materials used for information request 








1. How many employees participate in information request management 
activities?  
Text Response 
Same answer as the others - no way to quantify 
2. How many employee labor hours are dedicated to the management of 
information requests?  
Text Response 
- 
3. What is the hourly wage for employees performing information request 
management activities?  
Text Response 
- 
4. What is the organizational role/title of employees performing information 
request management activities?  
Text Response 
- 
5. What is the cost of any materials used for information request 














Appendix D. Survey Responses – Participant 2 
Avoidance Costs 
Redundant CAD Systems 
1. How many unique CAD systems does the organization maintain?  
Text Response 
Dozens 




3. What is the cost of a license for each unique CAD system?  
Text Response 
thousands 
4. What discount percentage does the organization receive for the purchase 
of licenses for each CAD system?  
Text Response 
None 
5. How many employees perform CAD activities?  
Text Response 
10,000+ 
6. How many employee labor hours are dedicated to CAD activities?  
Text Response 
Thousands 











9. How many employees must be trained to use CAD systems?  
Text Response 
thousands 




11. What is the hourly wage for employees training to use CAD systems?  
Text Response 
Varies 25-50$+ 




13. What is the cost of any training fees that apply for each employee?  
Text Response 
thousands 
14. How many employees perform IT support activities?  
Text Response 
Thousands 
15. How many employee labor hours are dedicated to IT support activities?  
Text Response 
Thousands 






17. What is the organizational role/title of employees performing IT support 
activities?  
Text Response 
IT support services 





1. How many data translators does the organization maintain?  
Text Response 
Dozens 




3. What is the cost of a license for each data translator?  
Text Response 
Hundreds 
4. What discount does the organization receive for the purchase of data 
translator licenses?  
Text Response 
Not Known 

















8. What is the organizational role/title of employees performing data 
translation activities?  
Text Response 
IT support services 
9. How many employees must be trained to use data translators?  
Text Response 
Hundreds 




11. What is the hourly wage for employees training to use data translators?  
Text Response 
varies 25-50+$ 
12. What is the organizational role/title of employees training to use data 
translators?  
Text Response 
IT support Services 







14. How many contracts for data translation activities are maintained?  
Text Response 
hundreds 




Research & Development 
1. How many employees participate in research and development activities?  
Text Response 
thousands 
2. How many employee labor hours are dedicated to research and 
development activities?  
Text Response 
thousands 
3. What is the hourly wage for employees performing research and 
development activities?  
Text Response 
Varies 25-50+$ 
4. What is the organizational role/title of employees performing research and 
development activities?  
Text Response 
IT Support Services 










1. How many employees participate in process management activities?  
Text Response 
Thousands 








4. What is the organizational role/title of employees performing process 
management activities?  
Text Response 
IT support Services 





Manual Data Re-Entry 
1. How many employees participate in manual data re-entry activities?  
Text Response 
thousands 











4. What is the organizational role/title of employees performing manual data 
re-entry activities?  
Text Response 
IT Support Services 





1. How many employees participate in design verification activities?  
Text Response 
thousands 
2. How many employee labor hours are dedicated to the verification of 
design information?  
Text Response 
thousands 




4. What is the organizational role/title of employees performing design 
verification activities?  
Text Response 











1. How many employees participate in design re-work activities?  
Text Response 
thousands 
2. How many employee labor hours are dedicated to re-working design files?  
Text Response 
thousands 




4. What is the organizational role/title of employees performing design re-
work activities?  
Text Response 
Engineering Design 




Information Request Management 







2. How many employee labor hours are dedicated to the management of 
information requests?  
Text Response 
thousands 
3. What is the hourly wage for employees performing information request 
management activities?  
Text Response 
unknown 
4. What is the organizational role/title of employees performing information 
request management activities?  
Text Response 
Unknown Varies forn design to manufacturing 
5. What is the cost of any materials used for information request 





1. How many employees participate in production re-work activities?  
Text Response 
thousands 
2. How many employee labor hours are dedicated to production re-work?  
Text Response 
thousands 








4. What is the organizational role/title of employees performing production 
re-work activities?  
Text Response 
Varies Engineering and manufacturing 
5. What is the cost of any scrapped construction material created by 

























Appendix E. Survey Responses – Participant 3 
Avoidance Costs 
Redundant CAD Systems  
1. How many unique CAD systems does the organization maintain?  
Text Response 
3 
2. How many licenses does the organization maintain for each unique CAD 
system?  
Text Response 
Autocad ~30, CATIA V5 400, CATIA V6 225 
3. What is the cost of a license for each unique CAD system?  
Text Response 
Autocad ~$3K, CATIA V5 ~$15k, CATIA V6 ~$18K 
4. What discount percentage does the organization receive for the purchase 
of licenses for each CAD system?  
Text Response 
Variable. Each CAD system has multiple modules, each with different 
discounts. Discounts vary also based on size of buy. Currently, they vary 
from 0% to 51% 
5. How many employees perform CAD activities?  
Text Response 
1500 
6. How many employee labor hours are dedicated to CAD activities?  
Text Response 







7. What is the hourly wage for employees performing CAD activities?  
Text Response 
Burdened Load Rate is $80/hour. I don't know what that translates to in 
wages.  
8. What is the organizational role/title of employees performing CAD 
activities?  
Text Response 
Product Engineering, Tool Design, Tool Engineering 
9. How many employees must be trained to use CAD systems?  
Text Response 
~1500 
10. How many labor hours does each employee dedicate to CAD system 
training?  
Text Response 
Anywhere from 80 introductory, up to 200 in advanced or tool specific 
training 
11. What is the hourly wage for employees training to use CAD systems?  
Text Response 
Same. we do not discount the wages of people in training.  
12. What is the organizational role/title of employees training to use CAD 
systems?  
Text Response 
Product Engineering, Tool Engineering, Tool Design 
13. What is the cost of any training fees that apply for each employee?  
Text Response 
Difficult to estimate. Much of our training is developed in house, some is 
developed by contracts, and some is off the shelf. Off the shelf training is 






14. How many employees perform IT support activities?  
Text Response 
25 
15. How many employee labor hours are dedicated to IT support activities?  
Text Response 
25full time employees 
16. What is the hourly wage for employees performing IT support activities?  
Text Response 
IT Burdened Load Rate is $65/hour 
17. What is the organizational role/title of employees performing IT support 
activities?  
Text Response 
IT Specialist, CAD/CAM Analyst. Some in IT (Adminstration, 
Development, Business Analysis), some in Engineering (Training, hotline, 
and on-site support) 
18. What is the cost of any materials used for IT support activities?  
Text Response 
Usually provided with the training costs.  
 
Data Translators 
1. How many data translators does the organization maintain?  
Text Response 
3 










3. What is the cost of a license for each data translator?  
Text Response 
$10K Shareable 
4. What discount does the organization receive for the purchase of data 
translator licenses?  
Text Response 
Depend upon product, size of the PO, and what else we are purchasing at 
the time. Anywhere from 20-53% 
5. How many employees perform data translation activities?  
Text Response 
None full time. Automated process, on demand by the end user 
6. How many employee labor hours are dedicated to data translation 
activities?  
Text Response 
difficult to estimate 
7. What is the hourly wage for employees performing data translation 
activities?  
Text Response 
$80/Hour Loaded Burden Rate 
8. What is the organizational role/title of employees performing data 
translation activities?  
Text Response 
Product Design Engineer, Tooling Engineer, Tool Design Engineer, 
Purchasing Agent 












11. What is the hourly wage for employees training to use data translators?  
Text Response 
N/A 




13. What is the cost of any training fees that apply for each employee?  
Text Response 
N/A 
14. How many contracts for data translation activities are maintained?  
Text Response 
N/A 




Research & Development 
1. How many employees participate in research and development activities?  
Text Response 
1500 
2. How many employee labor hours are dedicated to research and 
development activities?  
Text Response 




3. What is the hourly wage for employees performing research and 
development activities?  
Text Response 
Average Loaded Burden Rate is $65/hour 
4. What is the organizational role/title of employees performing research and 
development activities?  
Text Response 
Product Design Engineer, Tool Design Engineer, Tooling Engineer, Pilot, 
Mechanic, Experimental Technician 
5. What is the cost of any materials used for research and development 
activities?  
Text Response 
~$25-50M per year 
 
Process Management 
1. How many employees participate in process management activities?  
Text Response 
75 
2. How many employee labor hours are dedicated to process management 
activities?  
Text Response 
75 X 40 
3. What is the hourly wage for employees performing process management 
activities?  
Text Response 







4. What is the organizational role/title of employees performing process 
management activities?  
Text Response 
Manufacturing Engineering 





Manual Data Re-Entry 
1. How many employees participate in manual data re-entry activities?  
Text Response 
1500 
2. How many employee labor hours are dedicated to manual data re-entry 
activities?  
Text Response 
10%*1500*40 per week 
3. What is the hourly wage for employees performing manual data re-entry 
activities?  
Text Response 
Average Loaded Burden Rate $80/hour 
4. What is the organizational role/title of employees performing manual data 
re-entry activities?  
Text Response 
Design Engineer 








1. How many employees participate in design verification activities?  
Text Response 
200 
2. How many employee labor hours are dedicated to the verification of 
design information?  
Text Response 
200X40 per week 
3. What is the hourly wage for employees performing design verification 
activities?  
Text Response 
Loaded Burden Rate $100/hour 
4. What is the organizational role/title of employees performing design 
verification activities?  
Text Response 
Structural Integrety Analyst, Systems Analyst, Pilot, Mechanic. 
5. What is the cost of any materials used for design verification activities?  
Text Response 
$25-50M/year (test fixtures, experimental aircraft, test parts) 
 
Design Re-Work 
1. How many employees participate in design re-work activities?  
Text Response 
400 
2. How many employee labor hours are dedicated to re-working design files?  
Text Response 






3. What is the hourly wage for employees performing design re-work 
activities?  
Text Response 
Average Loaded Burden Rate $80/hour 
4. What is the organizational role/title of employees performing design re-
work activities?  
Text Response 
Sustaining Engineering, Tool Engineering, Tool Design. 




Information Request Management 




2. How many employee labor hours are dedicated to the management of 
information requests?  
Text Response 
- 
3. What is the hourly wage for employees performing information request 
management activities?  
Text Response 
4. What is the organizational role/title of employees performing information 







5. What is the cost of any materials used for information request 





1. How many employees participate in production re-work activities?  
Text Response 
50 
2. How many employee labor hours are dedicated to production re-work?  
Text Response 
50x 40/week 
3. What is the hourly wage for employees performing production re-work 
activities?  
Text Response 
Average loaded burden rate $45/hour 
4. What is the organizational role/title of employees performing production 
re-work activities?  
Text Response 
Liaison Engineering, machinist, Mechanic 
5. What is the cost of any scrapped construction material created by 











Appendix F. Survey Responses – Participant 4 
 
Avoidance Costs 
Redundant CAD Systems 
1. How many CAD systems does the organization maintain?  
Text Response 
1 - Siemens PL's Nx; suppliers are required to provide Nx files to us 
2. How many licenses does the organization maintain for each system?  
Text Response 
25000 users  
3. What is the cost of a license for each CAD system?  
Text Response 
competitive information we are not willing to share 
4. What discount percentage does the organization receive for the purchase 
of licenses for each CAD system?  
Text Response 
- 
5. How many employees perform CAD activities?  
Text Response 
- 
6. How many employee labor hours are dedicated to CAD activities?  
Text Response 
25000 * 2000 = 50000000 












9. How many employees must be trained to use CAD systems?  
Text Response 
25000 
10. How many labor hours does each employee dedicate to CAD system 
training?  
Text Response 
40 per year 
11. What is the hourly wage for employees training to use CAD systems?  
Text Response 
75.00 




13. What is the cost of any training fees that apply for each employee?  
Text Response 
$100/day 
14. How many employees perform IT support activities?  
Text Response 
20 for CAD - many more for the rest of the company 
15. How many employee labor hours are dedicated to IT support activities?  
Text Response 
20 * 2000 -> 40,000 















1. How many data translators does the organization maintain?  
Text Response 
3 - Autocad to Nx and Catia to Nx 
2. How many licenses does the organization maintain for each data 
translator?  
Text Response 
10 or less 
3. What is the cost of a license for each data translator?  
Text Response 
competitive 
4. What discount does the organization receive for the purchase of data 
translator licenses?  
Text Response 
- 
5. How many employees perform data translation activities?  
Text Response 
8 











8. What is the organizational role/title of employees performing data 
translation activities?  
Text Response 
- 
9. What is the cost of any materials used for data translation activities?  
Text Response 
- 
10. How many employees must be trained to use data translation?  
Text Response 
8 




12. What is the hourly wage for employees training to use data translation?  
Text Response 
$75.00 












15. How many contracts for data translation activities are maintained?  
Text Response 
1 




Research & Development 
1. How many employees participate in research and development activities?  
Text Response 
competitive sensitive 
2. How many employee labor hours are dedicated to research and 
development activities?  
Text Response 
competitive sensitive 
3. What is the hourly wage for employees performing research and 
development activities?  
Text Response 
competitive sensitive 
4. What is the organizational role/title of employees performing research and 
development activities?  
Text Response 
- 











1. How many employees participate in process management activities?  
Text Response 
12 
2. How many labor hours are dedicated to process management activities?  
Text Response 
12 * 2000 -> 24000 




4. What is the organizational role/title of employees performing process 
management activities?  
Text Response 
- 




Manual Data Re-Entry 
1. How many employees participate in manual data re-entry activities?  
Text Response 
500 ( a portion of the 25000) 
2. How many employee labor hours are dedicated to manual data re-entry 
activities?  
Text Response 










4. What is the organizational role/title of employees performing manual data 
re-entry activities?  
Text Response 
- 





1. How many employees participate in design verification activities?  
Text Response 
2 - there configure checkmate rules to do verification automatically 
2. How many employee labor hours are dedicated to the verification of 
design information?  
Text Response 
4000 




4. What is the organizational role/title of employees performing design 













1. How many employees participate in design re-work activities?  
Text Response 
covered in sameroup as "Manual Data Re-entry" if you wish you could 
divide those numbers 50/50 between these two categories. 
2. How many employee labor hours are dedicated to re-working design files?  
Text Response 
- 




4. What is the organizational role/title of employees performing design re-
work activities?  
Text Response 
- 




 Information Request Management 







2. How many employee labor hours are dedicated to the management of 
information requests?  
Text Response 
2,500,000 
3. What is the hourly wage for employees performing information request 
management activities?  
Text Response 
$75 
4. What is the organization role/title of employees performing information 
request management activities?  
Text Response 
- 
5. What is the cost of any materials used for information request 






1. How many employees participate in production re-work activities?  
Text Response 
0 - we have no post physical property rework due to CAD interoperability 
issues 
2. How many employee labor hours are dedicated to production re-work?  
Text Response 
0 







4. What is the organizational role/title of employees performing production 
re-work activities?  
Text Response 
- 
5. What is the cost of any scrapped construction material created by 
production re-work activities?  
Text Response 

























Appendix G. Survey Responses – Participant 5 
 
Avoidance Costs 
Redundant CAD Systems 
1. How many unique CAD systems does the organization maintain?  
Text Response 
5 




3. What is the cost of a license for each unique CAD system?  
Text Response 
Confidential. We use Catia V4, V5, Siemens NX, PTC Pro/E, I-DEAS 
4. What discount percentage does the organization receive for the purchase 
of licenses for each CAD system?  
Text Response 
Confidential 
5. How many employees perform CAD activities?  
Text Response 
1800-2000 
6. How many employee labor hours are dedicated to CAD activities?  
Text Response 
? 6-8 hours per day 











9. How many employees must be trained to use CAD systems?  
Text Response 
1800-2000 
10. How many labor hours does each employee dedicate to CAD system 
training?  
Text Response 
40 hours annually 
11. What is the hourly wage for employees training to use CAD systems?  
Text Response 
Confidential 




13. What is the cost of any training fees that apply for each employee?  
Text Response 
Confidential 
14. How many employees perform IT support activities?  
Text Response 
20 
15. How many employee labor hours are dedicated to IT support activities?  
Text Response 
6-8 hours per day 






17. What is the organizational role/title of employees performing IT support 
activities?  
Text Response 
Architect, Analyst, Administrator 





1. How many data translators does the organization maintain?  
Text Response 
3 




3. What is the cost of a license for each data translator?  
Text Response 
Confidential. We use ITI Profeciency, CADFIX, and built-in CAD tools. 
4. What discount does the organization receive for the purchase of data 
translator licenses?  
Text Response 
Confidential 









6. How many employee labor hours are dedicated to data translation 
activities?  
Text Response 
6-8 hours per day 




8. What is the organizational role/title of employees performing data 
translation activities?  
Text Response 
Engineer I-III 
9. What is the cost of any materials used for data translation activities?  
Text Response 
Unknown 
10. How many employees must be trained to use data translators?  
Text Response 
10 
11. How many labor hours does each employee dedicate to data translator 
training?  
Text Response 
40 hours annually 
12. What is the hourly wage for employees training to use data translators?  
Text Response 
Confidential 








14. What is the cost of any training fees that apply for each employee?  
Text Response 
Confidential 
15. How many contracts for data translation activities are maintained?  
Text Response 
Unknown 




Research & Development 
1. How many employees participate in research and development activities?  
Text Response 
250 
2. How many employee labor hours are dedicated to research and 
development activities?  
Text Response 
? 6-8 hours per day 
3. What is the hourly wage for employees performing research and 
development activities?  
Text Response 
Confidential 
4. What is the organizational role/title of employees performing research and 
development activities?  
Text Response 













1. How many employees participate in process management activities?  
Text Response 
150 
2. How many employee labor hours are dedicated to process management 
activities?  
Text Response 
6-8 hours per day 




4. What is the organizational role/title of employees performing process 
management activities?  
Text Response 
Sr Engineer, Principal Engineer, Staff Engineer 












Manual Data Re-Entry 
1. How many employees participate in manual data re-entry activities?  
Text Response 
50 
2. How many employee labor hours are dedicated to manual data re-entry 
activities?  
Text Response 
6-8 hours per day 




4. What is the organizational role/title of employees performing manual data 
re-entry activities?  
Text Response 
Contract Service Worker, Engineer I, Technician 





1. How many employees participate in design verification activities?  
Text Response 
50-100 
2. How many employee labor hours are dedicated to the verification of 
design information?  
Text Response 








4. What is the organizational role/title of employees performing design 
verification activities?  
Text Response 
Engineer II-III 





1. How many employees participate in design re-work activities?  
Text Response 
1800-2000, Original design person completes the re-work 
2. How many employee labor hours are dedicated to re-working design files?  
Text Response 
4-8 hours per day 




4. What is the organizational role/title of employees performing design re-













Information Request Management 




2. How many employee labor hours are dedicated to the management of 
information requests?  
Text Response 
Unknown 
3. What is the hourly wage for employees performing information request 
management activities?  
Text Response 
Unknown 
4. What is the organizational role/title of employees performing information 
request management activities?  
Text Response 
Unknown 
5. What is the cost of any materials used for information request 











1. How many employees participate in production re-work activities?  
Text Response 
Unknown. We struggled to get an accurate number and couldn’t determine 
at the time of survey completion. 
2. How many employee labor hours are dedicated to production re-work?  
Text Response 
6-8 hours per day 




4. What is the organizational role/title of employees performing production 
re-work activities?  
Text Response 
Technician I-III 
5. What is the cost of any scrapped construction material created by 















Appendix H. Survey Responses – Participant 6 
 
Avoidance Costs 
Redundant CAD Systems 
1. How many unique CAD systems does the organization maintain?  
Text Response 
There are 2 active CAD systems in use today: Siemens NX and 
Solidworks There are several legacy CAD systems that require minimal 
access for drawings/models: IDEAS, Anvil,and Pro-E - these are not used 
for new designs and are only accessed when a legacy design is needed. 
2. How many licenses does the organization maintain for each unique CAD 
system?  
Text Response 
Siemens NX: there are 187 CAD seats (34 are for global availability) Plus 
various other modules used in the enterprise. Solidworks: there are 144 
CAD seats 
3. What is the cost of a license for each unique CAD system?  
Text Response 
We last purchased Siemens NX software over 10 years ago... It was all 
software bundled together at a significant discount. It is not possible to 
distinguish a per seat cost for the designer's daily CAD appliction. All 
seats of Solidworks were acquired through business acquisitions of 
companies. There is not a readily available estimate of the per seat cost 
associated with the CAD software. 
4. What discount percentage does the organization receive for the purchase 







5. How many employees perform CAD activities?  
Text Response 
There are 75 Siemens NX CAD operators that use the system every day... 
there are 256 usernames total... the others are typically engineers and 
such that use the applications for other purposes. There are 15 Solidworks 
CAD operators that use the system every day... there are 220 usernames 
total... the others are typically engineers and such that use the 
applications for other purposes. 
6. How many employee labor hours are dedicated to CAD activities?  
Text Response 
There are approximately 145,000 hours per year dedicated to CAD 
activities (this does not include engineers and such that also use the 
system) 
7. What is the hourly wage for employees performing CAD activities?  
Text Response 
unburdened hourly wage rate for CAD operators is approximately $35 per 
hour burdened rate for CAD operators is approximately $80 per hour 
8. What is the organizational role/title of employees performing CAD 
activities?  
Text Response 
Electro-Mechanical Designer (there are 4 job grades from entry level to 
senior designer) The wage rate in question above is estimate based on 
current average of designer experience. 
9. How many employees must be trained to use CAD systems?  
Text Response 
2 new designers per year are trained each year All designers are trained 






10. How many labor hours does each employee dedicate to CAD system 
training?  
Text Response 
40 hours to train a new CAD user 20 hours to train each designer in a 
significant version updgrade every other year  
11. What is the hourly wage for employees training to use CAD systems?  
Text Response 
Same as above 
12. What is the organizational role/title of employees training to use CAD 
systems?  
Text Response 
Same as above 
13. What is the cost of any training fees that apply for each employee?  
Text Response 
normal rate... plus there is some cost to develop/subscribe to any 
computer based traning that we use. 
14. How many employees perform IT support activities?  
Text Response 
4 support for Siemens NX 2 support for Solidworks 
15. How many employee labor hours are dedicated to IT support activities?  
Text Response 
approximately 250 hours per week (or 12,500 per year) 
16. What is the hourly wage for employees performing IT support activities?  
Text Response 
wage rate is approximately $55 per hour burdened rate is approximately 
$110 per hour 
17. What is the organizational role/title of employees performing IT support 
activities?  
Text Response 









1. How many data translators does the organization maintain?  
Text Response 
Primarily use built-in STEP and IGES transloators in the main CAD 
systems. One site has a single seat of CATIA we use to read-in some 
native formats as well as other formats occasionally. Solidworks will read-
in Pro-E files if needed. 
2. How many licenses does the organization maintain for each data 
translator?  
Text Response 
one or two 
3. What is the cost of a license for each data translator?  
Text Response 
unknown 
4. What discount does the organization receive for the purchase of data 
translator licenses?  
Text Response 
unknown 
5. How many employees perform data translation activities?  
Text Response 







6. How many employee labor hours are dedicated to data translation 
activities?  
Text Response 
STEP files are auto-generated (and stored in PLM system alongside 
native files) as part of release process for all parts (not assemblies). Only 
a few hours per month may be used for speciality translations in-house. 
Some contract services are used on a program basis for NX to CATIA 
translation 
7. What is the hourly wage for employees performing data translation 
activities?  
Text Response 
Same as the CAD designers in CAD System section. 
8. What is the organizational role/title of employees performing data 
translation activities?  
Text Response 
Electro-Mechanical Designer 
9. What is the cost of any materials used for data translation activities?  
Text Response 
no additional cost 
10. How many employees must be trained to use data translators?  
Text Response 
one or two 
11. How many labor hours does each employee dedicate to data translator 
training?  
Text Response 
On the job training - hours not recorded 
12. What is the hourly wage for employees training to use data translators?  
Text Response 








14. What is the cost of any training fees that apply for each employee?  
Text Response 
none 
15. How many contracts for data translation activities are maintained?  
Text Response 
One contract service is maintained for NX to CATIA for Airbus program 
16. What is the cost of a contract for data translation activities?  
Text Response 
Typically $1,000 per translation for typical size assembly - use CASE4DE 
 
Research & Development 
1. How many employees participate in research and development activities?  
Text Response 
Kyle, This section was covered in the questions answered in the 
Redundant CAD systems section. If you need me to fill this in as well, let 
me know... otherwise it will be a duplicate of information. Kevin Fischer 
2. How many employee labor hours are dedicated to research and 
development activities?  
Text Response 
- 
3. What is the hourly wage for employees performing research and 






4. What is the organizational role/title of employees performing research and 
development activities?  
Text Response 
- 






1. How many employees participate in process management activities?  
Text Response 
25 
2. How many employee labor hours are dedicated to process management 
activities?  
Text Response 
approximately 6,000 per year 
3. What is the hourly wage for employees performing process management 
activities?  
Text Response 
unburdened hourly wage is averages about $25 per hour 
4. What is the organizational role/title of employees performing process 
management activities?  
Text Response 
Electro Mechanical Designer and Configuration Coordinator 
5. What is the cost of any materials used for process management activities?  
Text Response 






 Manual Data Re-Entry 
1. How many employees participate in manual data re-entry activities?  
Text Response 
Do not typically perform manual data re-entry of designs 








4. What is the organizational role/title of employees performing manual data 
re-entry activities?  
Text Response 
- 




 Design Verification 









2. How many employee labor hours are dedicated to the verification of 
design information?  
Text Response 
approximately 16,000 
3. What is the hourly wage for employees performing design verification 
activities?  
Text Response 
unburdened hourly wage rate is about $33 per hour  
4. What is the organizational role/title of employees performing design 
verification activities?  
Text Response 
Electro Mechanical Designer 
5. What is the cost of any materials used for design verification activities?  
Text Response 
about $80,000 per year for application subscription for one CAD I/Q model 
checker and Software maintenance for NX Checkmate applicaton 
 
 Design Re-Work 
1. How many employees participate in design re-work activities?  
Text Response 
14 (covers both design and production re-work or ECO) 
2. How many employee labor hours are dedicated to re-working design files?  
Text Response 
22,000 
3. What is the hourly wage for employees performing design re-work 
activities?  
Text Response 




4. What is the organizational role/title of employees performing design re-
work activities?  
Text Response 
Electro Mechanical Designer 
5. What is the cost of any materials used for design re-work activities?  
Text Response 
No additional cost 
 
 Information Request Management 




2. How many employee labor hours are dedicated to the management of 
information requests?  
Text Response 
about 1,000 
3. What is the hourly wage for employees performing information request 
management activities?  
Text Response 
unburdened hourly wage rate is about $30 
4. What is the organizational role/title of employees performing information 
request management activities?  
Text Response 
Electro Mechanical Designer 
5. What is the cost of any materials used for information request 
management activities?  
Text Response 




 Production Re-Work 
1. How many employees participate in production re-work activities?  
Text Response 
This was answered as part of the Design re-work section. 
2. How many employee labor hours are dedicated to production re-work?  
Text Response 
- 




4. What is the organizational role/title of employees performing production 
re-work activities?  
Text Response 
- 
5. What is the cost of any scrapped construction material created by 















Appendix I. Survey Responses – Participant 7 
 
Avoidance Costs 
Redundant CAD Systems 
1. How many unique CAD systems does the organization maintain?  
Text Response 
Primarily two - CATIA V4.2.5 and CATIA V5R20. However, we also have 
footprints for NX 7.5, Wildfire 5, and Solidworks 2012 to deal with 
partner/supplier model issues that are authored in those systems but don't 
translate well (at the sender site) to us (we need CATIA V4 or V5 - 
depending on use case and program requirements). 




3. What is the cost of a license for each unique CAD system?  
Text Response 
Average acquistion costs depends on configuration and specialty 
functions needed. We utilize floating license scheme which allows us 
some economy of scale in that we can support several users with a single 
configuration. On average, usually runs about 1 configuration per 4 users. 
For a typical structural designer, a license footprint for CATIA V5 runs 
approximately $35-50K including one year software maintenance. This 
cost does not include the overhead labor to manage the licenses within 
the infrastructure. License keys have to be renewed periodically when 
license servers are refreshed (usally every 3-5 years). 
4. What discount percentage does the organization receive for the purchase 





Not at liberty to disclose this information but we typically negotiate a 
special contract due to the size of our footprint. Discounts are for software 
license acquisition costs and software maintenance percentage. 
5. How many employees perform CAD activities?  
Text Response 
We have over 3000 CAD/CAM users at 3 sites. 
6. How many employee labor hours are dedicated to CAD activities?  
Text Response 
Unknown but it could easily exceed 100K manhours per year across many 
programs. 
7. What is the hourly wage for employees performing CAD activities?  
Text Response 
This depends on their job category and their level of experience (e.g. 
Associate Engineer to Principal Engineer). A burdened rate would tend to 
be in the $85-$100/hour range for planning purposes. 
8. What is the organizational role/title of employees performing CAD 
activities?  
Text Response 
Multiple organization and multiple use cases: Design engineers vary from 
structural designers, electrical designers, tool designers, facility engineers. 
There are others but these employees are responsible for authoring 
product design data to support the definition of the product or supporting 
activities (e.g. tooling, facilities) to enable the development, production, 
planning and marketing of products for sale. Also, many other use CAD for 
analysis of the product data (e.g. structural loads, clash detection/digital 
mockup), support of the article in the field including maintenance activities. 
Manufacturing uses CAD to develop Numerical Control programs to 
construct parts from the 3D models. These employees reside in 




9. How many employees must be trained to use CAD systems?  
Text Response 
3000+ 
10. How many labor hours does each employee dedicate to CAD system 
training?  
Text Response 
Varies but a design engineer typically would have a 40 basic CAD training 
course followed by 60 hours of methods training (multiple classes). A 
more "casual" user (someone who reviews CAD data but not author it) 
would have only 16 hours of CAD training which includes some 
familiarization of the repository system (e.g. PLM tool housing data). 
11. What is the hourly wage for employees training to use CAD systems?  
Text Response 
Same as before - burdened rate varies between $85-100/hour. 
12. What is the organizational role/title of employees training to use CAD 
systems?  
Text Response 
Same as before. 
13. What is the cost of any training fees that apply for each employee?  
Text Response 
Negotiated rate with training vendor for fundamentals training but standard 
pricing without negotiation would be approximately $2200/day. So for a 
fundamentals course running 5 days with a maximum of 12 students, the 
course would cost $11K plus travel expenses. On site methods training 
cost is student labor (same rates as before) plus trainer's labor (same 
rates). So, if I had 12 structural designers going through 40 hours of 
fundamentals training and 60 hours of methods training, the cost of 
training for those 12 designers would be $11K + (60 hours * $100/hour * 





14. How many employees perform IT support activities?  
Text Response 
I'll answer this specific to CAD/CAM IT. For over 3000 users, our support 
staff consists of 20 engineering subject matter experts and approximately 
25 IT staffers. We have additional IT resources that support infrastructure 
items like server administrators, general IT help desk for desktop issues, 
database administrators, etc that is not included in this but is required 
regardless of whether they have CAD/CAM tools on their software toolkit. 
15. How many employee labor hours are dedicated to IT support activities?  
Text Response 
For CAD/CAM, our budget typically encompasses about 15 full heads of 
labor dedicated to Operations & Maintenance activities (keep the tools 
running as designed) and user support. There is other buckets of IT funds 
that address development activities that is harder to capture. 
16. What is the hourly wage for employees performing IT support activities?  
Text Response 
same as before. 
17. What is the organizational role/title of employees performing IT support 
activities?  
Text Response 
Engineering, IT developers, DBA's, admins. 
18. What is the cost of any materials used for IT support activities?  
Text Response 
Usually, the only cost captures for IT in this area is software and 
hardware. Cost of things like disks, paper for printers, ink, etc is covered 








1. How many data translators does the organization maintain?  
Text Response 
Native converters in CATIA V4 & V5 for STEP, IGES. 3rd party tools - ITI 
CADFix, CT Core Technologies 3D Evolution, TTI Accutrans, Theorem 
CADverter for direct BREP, STEP, IGES, STL, parasolid conversions 
(varying mix of licenses for each product) 
2. How many licenses does the organization maintain for each data 
translator?  
Text Response 
3-5 seats each 
3. What is the cost of a license for each data translator?  
Text Response 
averages around $15K-40K/seat with all the desired options. (includes 
cost for first year software maintenance but doesn't include labor for 
deployment) 
4. What discount does the organization receive for the purchase of data 
translator licenses?  
Text Response 
No at liberty to disclose 
5. How many employees perform data translation activities?  
Text Response 
3 dedicated but tools are available to a larger CAD user community for 
"self service". 
6. How many employee labor hours are dedicated to data translation 
activities?  
Text Response 





7. What is the hourly wage for employees performing data translation 
activities?  
Text Response 
burdened internal rate typically varies between $85-$100/hour 
8. What is the organizational role/title of employees performing data 
translation activities?  
Text Response 
deployed from structural design core and tool design core. Designers by 
trade assigned to support translation. 
9. What is the cost of any materials used for data translation activities?  
Text Response 
N/A - data activities including transmittal done electronically. 
10. How many employees must be trained to use data translators?  
Text Response 
Have trained about 10 employees formally - many follow guidance sheets 
provided by our departments. 
11. How many labor hours does each employee dedicate to data translator 
training?  
Text Response 
training course is typically 24-40 hours for each employee - covers use of 
tool and sample translations. 
12. What is the hourly wage for employees training to use data translators?  
Text Response 
same 
13. What is the organizational role/title of employees training to use data 
translators?  
Text Response 






14. What is the cost of any training fees that apply for each employee?  
Text Response 
Varies but approximately $5K/class (10 student max) plus expenses 
(~$2K) 
15. How many contracts for data translation activities are maintained?  
Text Response 
only contracts are software maintenance agreements. No special 
contracts for outsourcing 




Research & Development 
1. How many employees participate in research and development activities?  
Text Response 
Unknown but estimate would be > 2,000 corporate wide, probably about 
500 at our business unit 
2. How many employee labor hours are dedicated to research and 
development activities?  
Text Response 
unknown but typically use 1800 manhours/year for a full time head. Other 
labor is typical overhead (training, vacation, etc). 
3. What is the hourly wage for employees performing research and 
development activities?  
Text Response 






4. What is the organizational role/title of employees performing research and 
development activities?  
Text Response 
cross polination of personnel but mainly structural, stress, manufacturing 
engineers with some manufacturing (e.g. NC) involvement for prototyping 






1. How many employees participate in process management activities?  
Text Response 
Core process management group exists in multiple organizations. 
Engineering has about 30 that work related process activities - about 10% 
are dedicated to process (procedure) development. Also, other key 
personnel in other support organizations and programs are engaged to 
assist in process mgmt. 




3. What is the hourly wage for employees performing process management 
activities?  
Text Response 






4. What is the organizational role/title of employees performing process 
management activities?  
Text Response 
Varies - usually person assigned to this role has experience in task they 
are developing processes for. Engineering has a separate core 
organization focused on supporting all program engineering work. 
5. What is the cost of any materials used for process management activities?  
Text Response 
unknown but this includes paper, toner, disks for backups, IT costs for 
digital repositories and some "tax" for overhead to maintain this 
infrastructure. Difficult to spike out this last cost however. Guess would be 
1/10th of head for an DBA (labor is typically higher - $100/125 hr). 
 
Mitigation Costs 
Manual Data Re-Entry 
1. How many employees participate in manual data re-entry activities?  
Text Response 
Varies but tends to affect > 1000 designers/program. Not all data is re-
entered but if automation doesn't exist, percentage of datasets touch could 
reach 60-75%. Most often, this occurs during hand-off from outside team 
partners (first tier suppliers) and from engineering to manufacturing. The 
latter case is a more frequent occurrence especially if it's a build-to-print 
machine shop without the same CAD system. 
2. How many employee labor hours are dedicated to manual data re-entry 
activities?  
Text Response 





3. What is the hourly wage for employees performing manual data re-entry 
activities?  
Text Response 
If manufacturing, rates are lower ($50-75 hr). engineering - $85-100/hr. 
4. What is the organizational role/title of employees performing manual data 
re-entry activities?  
Text Response 
NC programmers, designers, planners. 
5. What is the cost of any materials used for manual data re-entry activities?  
Text Response 
mainly paper and toner. People print stuff out so it's easier to transpose. 
Common scenario is parts list data not going into procurement/SAP 
systems. Manual re-entry. CAD scenario is more digital. 
 
Design Verification 
1. How many employees participate in design verification activities?  
Text Response 
approximately 50-100 design checkers but other groups (stress analysts, 
material analysts, manufacturing engineers) review the data and are 
assigned to the programs. So, about 250-400 people have some role in 
design verification. Also, we have software in place to do verification of 
model organization items like whether a solid is identified properly, resides 
on the right layer, etc.  
2. How many employee labor hours are dedicated to the verification of 
design information?  
Text Response 





3. What is the hourly wage for employees performing design verification 
activities?  
Text Response 
$85-100/hr is a good rate range for this type of personnel. 
4. What is the organizational role/title of employees performing design 
verification activities?  
Text Response 
Engineering, manufacturing engineering, planning, NC. 
5. What is the cost of any materials used for design verification activities?  
Text Response 
mostly digital review but paper/toner costs for drawing (2D) reviews. 




1. How many employees participate in design re-work activities?  
Text Response 
Usually, if a design requires rework, it goes back to the designer originally 
assigned to the part/assembly. 200-500 per program on average. Design 
re-work is high early on the program as it moves from a 
development/concept to initial rate production and again prior to full rate 
production. Stage from development/concept to initial rate production is 










2. How many employee labor hours are dedicated to re-working design files?  
Text Response 
Recent studies show that data interoperability issues across tiers/supply 
change runs about $35-50M per major program right now. This addresses 
only the early on development to initial production phase. Costs over the 
lifecycle could exceed $1B. 
3. What is the hourly wage for employees performing design re-work 
activities?  
Text Response 
$85-100/hr is a good rate. 
4. What is the organizational role/title of employees performing design re-
work activities?  
Text Response 
Engineering, manufacturing engineer, NC 




Information Request Management 
1. How many employees participate in information request management 
activities?  
Text Response 
2 full time data transfer heads, procurement buyers for supplier data 
(100+), design engineers (500+), data management personnell (25) for 
data deliveries and data retention, IT personnel for software extraction 






2. How many employee labor hours are dedicated to the management of 
information requests?  
Text Response 
Unknown - this is a fairly significant number though. 
3. What is the hourly wage for employees performing information request 
management activities?  
Text Response 
$85-125/hr (IT highest, procurement lowest) 
4. What is the organizational role/title of employees performing information 
request management activities?  
Text Response 
engineering, data management, IT, tooling, manufacturing engineering, 
manufacturing. 
5. What is the cost of any materials used for information request 
management activities?  
Text Response 
mostly digital request/delivery system - minimal material costs 
 
Production Re-Work 
1. How many employees participate in production re-work activities?  
Text Response 
part of normal activities but probably 500+ 
2. How many employee labor hours are dedicated to production re-work?  
Text Response 
depends on the situation. A scrapped major component (e.g. bulkhead) or 
assembly could result in several hundred hours of rework/occurrence and 
include material costs. Also, tooling rework could be involved if 




3. What is the hourly wage for employees performing production re-work 
activities?  
Text Response 
Burdened rate is closer to $50-75 hr. 
4. What is the organizational role/title of employees performing production 
re-work activities?  
Text Response 
machinists mainly, some electrical harness folks, planners, tooling 
engineers, manufacturing engineers. 
5. What is the cost of any scrapped construction material created by 
production re-work activities?  
Text Response 
Depends on commodity. Aluminum costs are manageable. Composites 


















Appendix J. Participant 1 Follow-Up 
 
Survey Clarification Follow-Up Text (Email) 
 Subject Line: Purdue Interoperability Cost Metrics Research 
[PARTICIPANT 1], 
  
I have been reviewing the answers you provided. For the most part, your 
responses are exactly what I've been looking for. That said, there are a 
couple questions where I could use a slightly more specific answer, if you 
are able to provide one. Here are the questions I'm referring to: 
 
Redundant CAD Systems 
6. How many employee labor hours are dedicated to CAD activities? 
     -Your response: Literally "millions" each year 
It is very hard for me to know what the numbers would be Kyle. We have 
160,000 employees around the world working at [COMPANY NAME 
WITHHELD]. All I can do is guess, that maybe out of that number 30,000 
– 40,000 would be doing some aspect of CAD work. And we use the 
number of 2,080 hours per year that an employee works. And we would 
say that of that 2080, probably 40% of the time they are actually doing 
CAD. So the high end number would be 40K x 2080 x 40% = 33, 280,000 
labor hours 
9. How many employees must be trained to use CAD systems? 
     -Your response: Hundreds each year 
I would just guess that we hire several hundred new employees each year 




weeks of CAD training. So an estimate would be 300 need trained each 
year. 
18. What is the cost of any materials used for IT support activities? 
     -Your response: In the $$ Millions 
There is really no way to get an accurate number on this one. We have 
8,500 IT employees. So “cost of materials” would be their hardware, 
software, or any other resource they use – even flying around the world to 
support our customers who are designing and building our products. If we 





9. What is the cost of any materials used for data translation activities?  
     -Your response: $$ several Million 
An estimate would be $10 million.  
10 .How many employees must be trained to use data translators? 
     -Your response: Several dozen 
An estimate would be 24. 
Manual Data Re-Entry 
 
1. How many employees participate in manual data re-entry activities?  
     -Your response: Hundreds 
 
An estimate would be 500
260 
 
Appendix K. Participant 6 Follow-Up 
 
Survey Clarification Follow-Up Text (Email) 
 Subject Line: Purdue Interoperability Cost Metrics Research 
[PARTICIPANT 6], 
 
I've been through all of your responses and there were a few things I was hoping 
you could clarify for me. 
 
1.) When you report the number of hours for each category, are you reporting the 
total number of hours logged annually for that particular activity or for each 
employee? For example, you reported 250 hours per week (or 12,500 per year) 
in IT support activities. Similarly, you reported 6,000 hours per year in process 
management activities. Are these per employee or for all IT and process 
management activities?  
 
numbers reported should be total per year for all employees combined... unless I 
made a typo... if it seems to be an odd number let me know and I will verify. 
 
2.) You reported that "a few hours per month may be used for specialty 
translations in-house". Could you give me a ballpark figure out what you mean by 
"a few"?  
 
I would use about 10 hours per month...  
 
3.) Do you have an idea of roughly how many assembly are translated through 
an outsourced contract each year? 
 
I have a request to get an estimate for you... will let you know when I get the 




4.) Do you have an idea of what burdened wage rates look like for those 
employees who perform process management ($25.00 unburdened), design 
verification ($33.00 unburdened), design/production re-work ($27.50 
unburdened), and information request management ($30.00 unburdened)?  
 
This is where your analysis will get interesting... there are many ways for 
companies to manage costs.  And I am sure every company does it 
differently.  We often (but not always) operate cost centers by using activity 
rates.  These rates are a single calculation of the center (accounts for the 
combined labor, material and overhead of the center) and calculates an hourly 
activity rate that is charged whenever a resource (individual) from the center 
performs work.  The same rate is used regardless of the salary or wage rate of 
the specific individual doing the work.  The activity rate only changes if the 
composite entity of the center changes (let's say you add a significant number of 
new hires to the center and that drives the average wage rate down - or you 
significantly increase or decrease the cost of the CAD SW/HW used by the 
center).  I wanted to give you insight into where more experienced (higher wage) 
labor is used versus less experienced (lower wage) labor is used when I 
responded to the survey questions.  If we do more work that requires less 
experience - we should see the activity rate decrease.  Likewise, if we see less 
CAD SW/HW costs in future because we don't purchase SW/HW, the activity rate 
should reduce as well... Or if we do buy new licenses because we want to 
change SW so everyone is on same system - we would actually see an increase 
in activity rate... this activity based accounting makes your thesis work and any 
estimating tool a very interesting challenge in my mind....  Let me know if you 







Appendix L. Participant 7 Follow-Up 
 
Survey Clarification Follow-Up Text (Email) 
 Subject Line: Purdue Interoperability Cost Metrics Research 
[PARTICIPANT 7], 
 
No worries, thanks again for participating. I appreciate it very much. I've looked 
through your responses and there were a couple items I was hoping you could 
clarify for me. 
 
1.) You estimated that occurrences of manual data re-entry could exceed 40 
hours/occurrence. Could you give me a ballpark estimate of the number of these 
types of occurrences that are encountered on an annual basis? 
 
2.) You reported that design verification labor hours could range from a few hours 
to 40 hours per design. Could you give me ballpark estimates of the number of 
designs that need to be verified on an annual basis and what a "few hours" might 
be? 
 
3.) In response to the question: How many employee labor hours are dedicated 
to re-working design files? 
 You responded: Recent studies show that data interoperability issues across 
tiers/supply change runs about $35-50M per major program right now. This 
addresses only the early on development to initial production phase. Costs over 
the lifecycle could exceed $1B. 
 
I'm not sure exactly what you mean by this. Could you clarify for me a bit? Is it 
possible to give an estimate of the number of hours that employees log in this 





4.) You reported that scrapped major components could result in several hundred 
hours of rework/occurrence. Could you give me a ballpark estimate of the 
number of these types of occurrences that are encountered in a year and what 
"several hundred hours" might be?  
 
Thanks again for your help, 
Kyle Sigo 
I can share this presentation (approved for public release by the government) 
that may be of value to you and will help explain my inputs.  
We are working a research project with the Air Force and came up with some 
values on types of data issues, the severity of those issues and the probability 
one might see those events occur (slides 13 & 14). Slide 25 has a guesstimate 
on how many times we think on average a representative program would incur 
this. To put this into further context, an aircraft program span (initial proof of 
concept/design phase) runs from 18-36 months. Production program length 
varies (we’ve been building F16’s since 1976 and C130’s since the late 1950’s 
whereas F22 started in the mid 80’s and is finished with production this year). 20-
25 years is a good start.  
Specifically to your questions:  
1.       A few hours usually means a minimum of 2 hours. While the CAD task 
may take 15 minutes on a simple issue, the other work included to re-release the 
design package will eat up 2 hours in a hurry. One example we had a couple of 
weeks ago was a small area of a machine part had to be remodeled. There were 
some very small faces stitched together when it could have been one contiguous 
face. It wasn’t a problem in our native system (CATIA V5) but an issue was 
exposed when a translation was done to another CAD system for preparation of 




area. Turns out that the piece in question was received from someone else and 
we imported it via STEP from NX. I did not include my time to figure out what the 
issue was in the first place (took me about 30 minutes to find the problem area in 
the model and tell the designer to “look at it”). 
2.       We have a process for design verification. First off, the designer builds the 
dataset based on a set of procedures and guidelines we provide (varies slightly 
from one program to the other). They run a check software tool we wrote to first 
verify the model is organized correctly to minimize downstream impacts to other 
IT solutions. Next, depending on the part, other engineers from the materials, 
manufacturing and stress analysis communities (some parts may have other 
reviews) will review the model to verify the design meets the requirements and 
doesn’t need a redesign for some reason (stress loads may indicate we need to 
beef up the part in certain areas). Once these other groups “sign off” on the 
design, a checker will review the model for compliance to our procedures, verify 
contract related requirements (if a drawing exists, is it noted properly for 
distribution rights) and stuff like that. The checker doesn’t see that the design is 
valid – that’s done in the previous step.  
3.       Lifecycle costs – what I meant here is that during the initial concept design 
phase and initial rate production, that covers the initial $35M impact. However, 
aircraft in the field constantly undergo maintenance, field modifications, etc. This 
effort could last in excess of 50 years. Some parts just require periodic 
maintenance or replacement. Others need replacement because they took 
damage in battle or an accident. Field modifications may occur if you update a 
radar system and you need a mod kit to put the new stuff in place (like putting an 
aftermarket part on your car – the holes never line up so you need a special 
bracket to retrofit it in). Many times, the agency responsible for the upkeep of the 
vehicle needs to find a supplier that can build a new replacement part to the 
original design. This often involves another data exchange/conversion. Also, 




manuals. The software to accomplish the design (CATIA) and manuals are 
typically different and use different data formats. Another conversion and 
potential failure point. This all adds up over time and that was the logic in the 
studies to come up with this huge number. 
4.       Scrap – this one I really don’t have hard numbers. Small machine parts 
made out of common aluminum – cost may be nominal and hidden from us by 
the supplier. Large, complex parts – this is very costly but fortunately doesn’t 
happen often. The several hundred hours occurs only when the design is 
problematic enough that it’s causing issues with manufacturing or 
performance.  Usual rework is 8-10 hours. That may happen a fair amount of 
times - maybe 20-30 occurrences each year. (was a lot more earlier on)  
Sorry if some of my answers are a bit cryptic. In some cases I know more details 
but really can’t say so I’m trying to make it a general case but in some cases I 
really don’t know the answer (scrap occurrences).  
Hope this helps,  
PARTICIPANT 7 
 
